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Description 

BlOLUMINESCENT Bl ORE PORTER INTEGRATED CIRCUIT 

1 .0 Background of the Invention 

5 The present application is a continuation-in-part of United States Patent 

Application Serial No. 08/978,439, filed November 25, 1997, the entire contents of 
which is specifically incorporated herein by reference in its entirety. The United 
States government has rights in the present invention pursuant to grant number DE- 
FG05-94ER61870 from the Department of Energy and grant number F49620-89-C- 
1 0 0023 from the United States Air Force. 

1.1 Field of the Invention 

Electronic circuitry may be used to detect a luminescent response. In 
particular, one may use an optical application specific integrated circuit (OASIC), 

15 which combines analog signal conditioning, digital signal processing, and wireless 
transmission with a sensitive electro-optical detector. To achieve maximum 
sensitivity to the luminescent response of a bioreporter, an OASIC should be sensitive 
to light in the 400 nm to 700 nm (visible) range, should have low leakage current and 
low noise, and should have minimal sensitivity to changes in environmental factors 

20 such as temperature and humidity. Such devices may be manufactured via a standard 
complimentary-metal-oxide-semiconductor (CMOS) process on a single substrate. 

1.2 Description of Related Art 

Biosensors are hybrid devices combining a biological component with an 
25 analytical measuring element. The biological component typically reacts and/or 
interacts with an analyte of interest producing a response that can be quantified by an 
electronic, optical, or mechanical transducer. The most common configuration uses 
immobilized biomolecules such as enzymes or antibodies as the biological component 
providing the needed selectivity. Another less utilized approach uses living 
30 microorganisms or sections of organs or tissues as the biological element. Originally 
these biosensors, sometimes referred to as whole-cell biosensors (Bousse, 1996), used 
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electrochemical transducers to detect the activity of growing cells (Buerk, 1993). 
Whole-cell biosensors have functioned in controlled environments but are not widely 
applicable, largely because of interference caused by growth on nutrients other than 
the target analyte. 

5 Alternatively, molecular biological techniques have been used to produce cells 

or bioreporter strains that have much greater selectivity. Typically, DNA sequences 
that code for a specific promoter sequence are fused with gene(s) coding for reporter 
enzyme(s) and introduced into a host cell. When the target molecule is present, the 
reporter genes are expressed to produce the enzyme(s) responsible for the production 

10 of the measured signal. Thus, gene regulation and not consequences of microbial 
activity provides selectivity. 

Some commonly used reporter enzymes are (J-galactosidase (lacZ) and 
catechol 2,3-dioxygenase (xylE). Both of these systems use calorimetric detection 
methods, requiring cell destruction to produce the signal. In the past decade, 

15 bioluminescent bioreporters have become popular since the bioluminescent response 
is easily detected and the assay need not be destructive to the cells. Thus, the 
bioreporter can be continuously monitored in real time. Genetically engineered 
bioluminescent bioreporters using both eukaryotic and prokaryotic bioluminescence 
enzymes have been developed for detecting toxins and pollutants in water and soil and 

20 to assess the bioavailability and functional processes of pollutant biodegradation. 

Bioluminescence of bioreporters has been detected by a number of different 
types of optical transducers, including photomultiplier tubes, photodiodes, 
microchannel plates, photographic films, and charge-coupled devices. In many of 
these applications, light is collected and transferred to the transducer using lenses, 

25 fiber optic cables, or liquid light guides. However, applications requiring small 
volumes, remote detection, or multiple parallel sensing necessitate a new type of 
instrumentation that is small and portable, yet maintains a high degree of sensitivity. 

A bioluminescent bioreporter is an organism that is genetically engineered to 
produce light when a particular substance is metabolized. For example, 

30 bioluminescent (lux) transcriptional gene fusions may be used to develop light 
emitting reporter bacterial strains that are able to sense the presence, bioavailability, 
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and biodegradation of organic chemical pollutants such as naphthalene, toluene, and 
isopropylbenzene. In general, the lux reporter genes are placed under regulatory 
control of inducible degradative operons maintained in native or vector plasmids or 
integrated into the chromosome of the host strain. 
5 Due to the widespread use of petroleum products and the current regulations 

requiring underground storage tanks to be upgraded, replaced or closed by December 
1998 (Brinkley, 1997), the number of petroleum-contaminated sites has abounded. Of 
particular concern for drinking water quality are the more water-soluble components, 
benzene, toluene, ethylbenzene and xylenes (BTEX). Natural attenuation which relies 

10 on in situ biodegradation of pollutants has received a large amount of attention 
especially for petroleum contaminants (National Research Council, 1993). While 
microorganisms capable of biodegradation of BTEX compounds are usually present at 
these sites, there is a need to know whether or not conditions are favorable for 
biodegradation to occur. 

15 Bioluminescent reporters have been widely used for the real time non- 

destructive monitoring of gene expression. Heitzer et al (1992) developed a 
quantitative assay for naphthalene bioavailability and biodegradation using a nah-lux 
reporter strain HK44 constructed by King et al (1990) containing a lux transposon 
(Tn4431) insertion in nahG of the lower naphthalene degradation operon. The nah- 

20 lux reporter was expanded for use as an on-line optical biosensor for application in 
groundwater monitoring (Heitzer et al, 1994). Other lux fusions have been 
constructed for monitoring the expression of catabolic genes including those for 
degradation of isopropylbenzene (Selifonova et al, 1996) and toluene (Burlage et al, 
1994; Applegate et al, 1997). 

25 In addition to catabolic gene fusions, a wide variety of genes and operons have 

been studied using lux fusions. Lux fusions have been constructed for monitoring 
heat shock genes expression (Van Dyk et al, 1994; 1995), oxidative stress, (Belkin et 
al, 1996), presence of Hg(II) (Selifonova, 1993) and alginate production (Wallace et 
al., 1994). In all these cases, the lux fusions are plasmid-based and were constructed 

30 by placing the promoter of interest in front of the promoterless lux genes from Vibrio 
fischeri contained in pUCD615 (Rogowsky et al, 1987). 
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13 Deficiencies in the Prior Art 

A need has arisen for a monolithic bioelectronic device that contains both a 
bioreporter and an OASIC, yet is very small, rugged, inexpensive, low power, and 
5 wireless. (A monolithic bioelectronic device is a device that contains biological and 
electrical components and that is constructed on a single substrate layer.) Such a 
bioluminescent bioreporter integrated circuit (BBIC) could detect substances such as 
pollutants, explosives, and heavy-metals residing in inhospitable areas such as 
groundwater, industrial process vessels, and battlefields. Applications for such a 
10 device include environmental pollutant detection, oil exploration, drug discovery, 
industrial process control, and hazardous chemical monitoring. The low cost of such 
sensors and the wide variety of deployment methods would allow a large number of 
them to be distributed over a wide area for very comprehensive coverage. 

1 5 2.0 Summary of the Invention 

The present invention overcomes these and other deficiencies in the prior art 
by providing novel devices and methods for the detection and quantitation of a 
particular substance in a sample using bioluminescent detector apparatus. In an 
overall and general sense, the BBIC devices of the invention generally comprise a 

20 substrate, a selectively permeable container affixed to the substrate capable of holding 
a bioreporter, a bioreporter capable of metabolizing a particular target substance to 
emit light contained within the selectively permeable container, and an integrated 
circuit (IC) on the substrate that comprises a phototransducer operative to generate an 
electrical signal in response to the emitted light, wherein the intensity of the electrical 

25 signal is indicative of the presence of, and also the concentration of, the target 
substance. 

The apparatus may further comprise a layer of bioresistant/biocompatible 
material between the substrate and the container, such a layer of silicon nitride. The 
IC is preferably a CMOS IC, and the phototransducer is preferably a photodiode. The 
30 IC may also include a current to frequency converter and/or a digital counter. 
Additionally, the IC may also include one or more transmitters. Such transmitters 
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may be wireless, or conventionally wired. In a preferred embodiment, the apparatus 
also includes a central data collection station capable of receiving transmissions from 
the transmitter. 

The apparatus may also contain one or more fluid or nutrient reservoirs and 
5 one or more microfluidic pumps on the substrate to provide nutrient means for the 
bioreporter organisms utilized with the apparatus. An exemplary bioreporter may 
comprise one or more prokaryotic or eukaryotic cells, such as one or more 
genetically-engineered bacterial, yeast, fungal, plant, or animal cells. Alternatively, 
the bioreporter may be one or more polypeptides, enzymes, enzyme complexes, or 

10 extracts from such genetically-engineered organisms. Exemplary bacterial cells 
include members of the Proteobacteria, including enteric organisms of the genera 
Escherichia, Salmonella, Shigella, Proteus, and the like, as well as aerobic bacteria 
such as those in the genus Pseudomonas. In illustrative embodiments, the inventors 
have demonstrated the facility of using bioreporters contained within species of 

1 5 Pseudomonas in detecting amounts of target analytes such a toluene and the like. 

The selectively permeable container may comprise a polymer matrix, which 
may be capable of allowing a fluid such as a gas or a liquid to come into contact with 
the bioreporter. Preferably, the matrix is optically clear, or near-optically clear to 
permit transmission of the light through the matrix such that it can be detected by the 

20 detector. Optionally, the IC may contain a global positioning system (GPS). The 
BBIC may be prepared in a housing (e.g., injection molded plastic) that would allow 
the free passage of the gas or liquid, yet block ambient light. Such a housing may 
comprise a flat-black finish and a maze-like passage-way. The liquid or gas could 
easily flow through the turns or bends in the passageway, while the ambient light 

25 would be greatly attenuated (due to the flat-black finish) at each turn. 

A further embodiment of the invention is an apparatus for detecting a 
substance, such as a fluid, which comprises an IC including a phototransducer adapted 
to input an electrical signal into the circuit in response to light, a bioreporter capable 
of metabolizing the substance and emitting light consequent to such metabolism, the 

30 reporter adapted to contact the substance; and a transparent, biocompatible, and 
bioresistant separator positioned between the phototransducer and the bioreporter to 
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enable light emitted from the bioreporter to strike the phototransducer. The 
bioreporter may be a bacterium, fungal, yeast, plant, or animal cell, or alternatively, a 
nucleotide sequence which encodes a luminescent reporter molecule. The apparatus 
may also comprise a plastic matrix encasing the bioreporter and enabling contact 
5 between the substance and the bioreporter. Such a matrix may be permeable to the 
substance. 

In one illustrative embodiment of the invention, there is provided an apparatus 
for detecting the concentration of a particular substance, wherein the bioreporter is a 
Pseudomonas cell. In particular, the bioreporter comprises Pseudomonas fluorescens 

10 HK44 cells that are capable of metabolizing particular target substances and upon 
metabolism of such target substances, the cells emit light which is then detected by 
the detector. The level of light intensity emitted by the cells is then quantitated, and 
the quantity of the target substance present in the sample is then determined. The 
apparatus also comprises at least one layer of silicon nitride between the substrate and 

15 the container; a fluid and nutrient reservoir and microfluidic pump on the substrate. 
The nutrient reservoir is necessary to permit the growth and survival of the organism 
so that its metabolic activities may be maintained and the target substance uptaken 
and metabolized by the organism. The pump permits the replenishment of the 
particular growth medium and the circulation of the growth medium within the 

20 microbial population. Naturally, the particular growth medium, nutrients, optimal 
growth temperature, pH, and other such culture conditions will vary depending upon 
the organism utilized as the bioreporter, but it will be within the skill of the ordinary 
artisan in the field to utilize the proper growth medium and proper growth conditions 
for the particular bioreporter organism(s) utilized in each particular BBIC. 

25 Preferably the IC is a Complementary Metal Oxide Semiconductor (COMS) 

IC, and preferably the device includes at least one photodiode operative to generate a 
cun-ent in response to the emitted light, a current to frequency converter, a digital 
counter, and wireless transmitter; and, a central data collection station capable of 
receiving transmissions from the transmitter. 

30 An additional aspect of the invention concerns a monolithic bioelectronic 

device for detecting a substance in a sample. This device generally comprises a 
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bioreporter capable of metabolizing the substance and emitting light consequent to 
such metabolism; and, a sensor capable of generating an electrical signal in response 
to the reception of the emitted light. Such a device may also include a transparent, 
bioresistant and biocompatible separator positioned between the bioreporter and the 
5 sensor. 

A standard IC may be coated with one or more layers of insulating materials 
such as silicon dioxide or silicon nitride. This process is called passivation and serves 
to protect the surface of the chip from moisture, contamination, and mechanical 
damage. Although this coating is adequate for general purpose chips, BBICs may be 

10 used in a variety of possibly harsh environments for which the standard passivation 
process is inadequate. BBICs require a second coating that must be biocompatible 
and bioresistant, must protect the OASIC from chemical stresses, must be optically 
tuned to efficiently transmit the light from the material under test, must adhere to an 
oxide coating, must be pin-hole free, and must be able to be patterned in order to form 

15 openings over the bonding pads and whatever structures that might be needed to 
maintain the bioreporter or collect a sample. 

While the individual components of the invention described herein may be 
obtained and assembled individually, the inventors contemplate that, for convenience, 
the components of the biosensor may be packaged in kit form. Kits may comprise, in 

20 suitable container means, one or more bioreporters and an IC including a 
phototransducer. The kit may comprise a single container means that contains one or 
more bioreporters and the IC including a phototransducer. Alternatively, the kits of 
the invention may comprise distinct container means for each component. In such 
cases, one container would contain one or more bioreporters, either pre-encapsulated 

25 or encapsulated in an appropriate medium disclosed herein, and another container 
would include the IC. When the bioreporter is pre-encapsulated, the kit may contain 
one or more encapsulation media. The use of distinct container means for each 
component would allow for the modulation of various components of the kits. For 
example, several bioreporters may be available to chose from, depending on the 

30 substance one wishes to detect. By replacing the bioreporter, one may be able to 
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utilize the remaining components of the kit for an entirely different purpose, thus 
allowing reuse of components. 

The container means may be a container such as a vial, test tube, packet, 
sleeve, shrink wrap, or other container means, into which the components of the kit 
5 may be placed. The bioreporter also may be aliquoted into smaller containers, should 
this be desired. 

The kits of the present invention also may include a means for containing the 
individual containers in close confinement for commercial sale, such as, e.g., injection 
or blow-molded plastic containers into which the desired vials are retained. 
10 Irrespective of the number of containers, the kits of the invention also may 

comprise, or be packaged with, an instrument for assisting with the placement of the 
bioreporter upon the IC. Such an instrument may be a syringe, pipette, forceps, or any 
other similar device. 



15 components are contemplated to be useful so long as the bioreporter remains 
functional. For example, long term storage of a bioreporter chip on a matrix such as 
alginate and a bacterial suspension may require refrigeration and prevention of 
desiccation for the organisms to remain viable. 



20 photodetector. For example, a kit for detecting naphthalene and toluene in a sample 
might comprise one bioreporter and a biofilm for detecting naphthalene and a distinct 
and/or separate biofilm for detecting toluene. The two biofilms may be applied 
sequentially to the sensor with each compound tested separately, or in certain 
circumstances, the biofilms may be applied in tandem to the chip and the compounds 

25 tested simultaneously. Various examples are given in FIG 9A, FIG. 9B, FIG. 9C, and 
FIG. 9D. Several biofilms.may be placed in an array as shown in FIG. 9A, allowing 
several different bioreporters to be tested simultaneously. The inventors contemplate 
that the number of distinct biofilms may be infinite, provided that the signal produced 
by a single individual biofilm is detectable by the photodetector. Alternatively, as 

30 shown in FIG. 9B, each distinct biofilm may be applied sequentially to the chip. 
Furthermore, as shown in FIG. 9C, several bioreporters may be mixed within one or 



In fact, virtually any suitable packaging and delivery of the required 



The kit may comprise one or more distinct bioreporters and a single 



WO 99/27351 PCT/US98/25295 

-9- 

more biofilms. Also, the biofilms may be layered as in FIG. 9D to allow several 
biofilms to be measured simultaneously. 

3.0 Brief Description of the Drawings 

5 The drawings form part of the present specification and are included to further 

demonstrate certain aspects of the present invention. The invention may be better 
understood by reference to one or more of these drawings in combination with the 
detailed description of specific embodiments presented herein. 

10 FIG. 1. Shown is a perspective view of one embodiment of the present 
invention. 

FIG. 2. Shown is a the measured signal that resulted from a test of an 

illustrative BBIC of the present invention. 
FIG. 3A. Shown is a high-quality photodetector that can be made using a 
1 5 standard N-well CMOS process. 

FIG. 3B. Shown are two photodetector structures fabricated in a silicon-on- 

insulator CMOS process: on the left, a lateral PIN detector; on the left right, a 

device similar to left except that the junction is formed with a Schottky 

junction. 

20 FIG. 4. Shown is the photodetector in FIG. 1 together with associated signal 

conditioning and processing circuitry on a single IC. 
FIG. 5. Shown is a block diagram of one possible embodiment of the signal 

processing portion of the present invention. 
FIG. 6. Shown is a side view of one embodiment of the present invention. 

25 FIG. 7A. Shown is a simple photodiode consisting of a P-diffiision layer, an N- 

well, and a P-substrate. 
FIG. 7B. Shown is a circuit using a large area photodiode for efficient light 

collection, and a small-area diode in a feedback loop to supply the forward 

bias current that cancels out the photo-current. 
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FIG. 7C. Shown is a circuit using correlated double sampling (CDS) to 
minimize the effects of low frequency (flicker) amplifier noise as well as time 
or temperature dependent variations in the amplifier offset voltage. 

FIG. 8. Shown is a bioreporter being supplied with water and nutrients. 
5 FIG. 9A, FIG. 9B, FIG. 9C, and FIG. 9D. Shown are the conceptual 

diagrams depicting methods of utilizing multiple bioreporters. Different 
bioreporters are symbolized by A, B, C, etc. FIG. 9A shows a biofilm 
separated into a number of discreet sections with each section comprising a 
different bioreporter. FIG. 9B shows a number of biofilms, each comprising a 
10 different bioreporter. FIG. 9C shows multiple bioreporters combined within a 

single biofilm. FIG. 9D shows a biofilm comprising several discreet layers 
with each layer comprising a different bioreporter. 

FIG. 10. Shows the sequence of primers used in site-directed mutagenesis to 
generate the modified mini-Tn5 and the cloning vector, pLJS. Asterisks denote 
15 mismatches between the primer and the target sequence. *A* denotes an extra 

adenine which was inadvertently synthesized. 

FIG. 11. Shown is a diagram for the construction of the mini-Tn5Km/otf-/wx. 
A/X and Nh/X represent Avrll-Xbal and Nhel-Xbal heterologous cloning sites, 
respectively. Abbreviations: N, Notl; Sa, Sal I, X y Xbal. 
20 FIG. 12. Shown is pLJS with unique restriction sites. Abbreviations: A, v4vrll; 

Ac, Accl; Ap, Apal; B, BamHl; Bs, fls/XI; C, CM; D, Drall; E, £coRl; Ea, 
Eagl; EV, EcoRV; H, Hindlll; He, Hindi; K t Kpnl; N, Notl; Nh, Nhel; P, 
Pstl; S, Spel; Sa, Sail; Sc, Sad; Sell, SacII, Sm, Smal; X, Xbal, Xh, Xhol. 

FIG. 13. Shown is the bioluminescence response of TVA8 to increasing 
25 concentrations of toluene after 2 h exposure. Values are averages of three 

replicates and have been normalized to the cell density (OD 546 ). 

FIG. 14. Shown are growth curves for batch cultures of TVA8 (circles) and Fl 
(triangles) grown on MSM with toluene vapor. Values are averages of three 
replicates and error bars represent one standard deviation. 
30 FIG. 15. Shown are the bioluminescence and growth of TVA8 on toluene vapor 
under batch conditions. O, Q A represent individual replicates of 
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biolnminescence readings over time. The closed squares represent the average 
optical density at 546 am (OD 546 ) of three replicates. 
FIG. 16. Shown is the construction of the tod-lux reporter plasmid, pUTK30. 
The 2.75-kb EcoR\-Xbal fragment from pDTG514 (Menn, 1991; Menn et aL, 
5 1991) was cloned in front of the promoterless lux gene cassette in pUCD615 

(Rogowsky et aL, 1987). Abbreviations: B, BamlU; Gb, Bgtll; E, EcoRl; H, 
Hindll; K, Kpml; Ps, Pstl; Pv 5 Pvull; Sc, Sad; S, Sail; Sm, Smal; X, XbaV 
FIG. 17. Shown is a diagram of the on-line DVR system used to monitor the co- 
metabolism ofTCE. 

10 FIG. 18. Shown is the bioluminescent response to varying concentrations of 
toluene (#) and JP4 jet fuel, expressed as mg L" 1 toluene (A) in growing cell 
assays after a 1 ,5-h exposure. 
FIG. 19. Shown is the bioluminescent response to multiple and single exposures 
of 10 mg L" 1 toluene by resting cells of P. putida B2 in batch studies. 

15 Symbols: O multiple exposure; A single exposure. 

FIG. 20. Shown are the bioluminescence and co-metabolism of TCE by P. 
putida B2 in response to square wave perturbations of 10 mg L' 1 toluene in 20- 
h cycles. Symbols: # bioluminescence, ▲ TCE in effluent; ■ toluene in 
effluent, — TCE in feed, — toluene in feed. 

20 FIG. 21. Shown is an exploded, cutaway diagram of the reactor. Feed is 
distributed to the reactor cavity filled with cells immobilized in small alginate 
beads by channels etched in the reactor body and by the attached metal flit. 
An annular insert holds the 0.2 hydrophobic filter against the top metal flit 
with the effect of providing a significant uniform resistance to flow and 

25 providing a clean effluent for automatic injection into the HPLC. The 

resistance to flow caused by the filter was typically 50 psig for a clean filter. 
FIG. 22. Shown are the absorption isotherms of naphthalene and sodium 
salicylate on calcium alginate. Naphthalene adsorbed linearly at experimental 
conditions, whereas salicylate did not appreciably partition. 

30 FIG. 23. Shown are the actual and predicted concentrations of studies la-c and 
4a-f. Error bars are shown with average values. The solid line represents the 
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model predictions using the least-squares reaction rate constant for the 
complete data set. The model is overall second order, first order in biomass 
and first order in salicylate, with a rate constant of 2.23 x 10" 2 dm 3 /g mol. The 
empirical data depicted are from Table 8. 
5 FIG. 24. Shown are actual and predicted concentrations of studies 2a-c and 3a-f. 

Error bars are shown with data points. The solid line represents the model 
predictions using the least-squares reaction rate constant for the complete data 
set. The model is overall second order, first order in biomass and first order in 

salicylate, with a rate constant of 2.23 x 10 dm 3 /g mol. The empirical data 

10 depicted are from Table 8. 

FIG. 25. Shown is an unusual transient response observed when a clean bed of 
HK44 was "shocked" by the step addition of salicylate. The transient response 
may be caused by an initial imbalance resulting from the rapid transport of the 
inducer into the cell and an initial slow rate of degradation. After this initial 

15 transient behavior, light intensity mimicked the concentration of inducer. This 

transient behavior was only observed at the beginning of the study. Light 
intensity tracked subsequent changes in inducer concentration. 
FIG. 26. Shown is the specific steady-state light emission by alginate- 
immobilized PJluorescens HK44 as a function of estimated concentration 

20 inside the PBR at the light probe. Standard deviations are shown with the 

average values. The lines represent the average linear response for each data 
set. 

FIG. 27. Shown is the response of HK44 to salicylate in a flow cell. Light 
intensity mimicked the rise and fall of salicylate concentration in the flow cell. 
25 HK44 was immobilized in alginate on a photodiode. 

FIG. 28. Shown is the response of HK44 to naphthalene in a flow cell. Light 
intensity mimicked the rise and fall of naphthalene concentration in the flow 
cell. HK44 was immobilized in alginate on a photodiode. A larger lag in 
response was observed than in FIG. 27. The lag times may result from the 
30 way that naphthalene and salicylate are transported into the cell and consumed. 

Physical processes such as adsorption also have an effect on lag time. 
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FIG. 29A. and FIG. 29B. Shown is the normalized logarithmic light levels within 
5h of induction. Light levels are expressed in nA cfu ! . Responses due to 
induction with simple solution, SS (FIG. 29A) and complex solution, CS 
(FIG. 29B) are shown. No data are shown for the groundwater at pH 3-5, as 



FIG. 30A and FIG. 30B. Shown is the percentage salicylate uptake by 
immobilized HK44. FIG. 30A shows uptake following induction with SS; 
FIG. 30B shows uptake following induction with CS. 
10 FIG. 31. Shown is the operation of HK44 in alginate beads. The logarithm of 
the number of colony-forming units/alginate beads is shown. 

FIG. 32A and FIG. 32B. Shown are rates of the bioluminescence reaction with 
SS (FIG. 32A) and CS (FIG. 32B). The normalized rates were calculated from 
the set of light data collected within the 5h post-induction period. This set of 
1 5 data was used in the calculation of the regression covariance. 

FIG. 33. Shown is a schematic drawing of an IC mounted on a common 
honeybee as part of Oak Ridge National Laboratory research on micro- 
transmitters. 

FIG. 34. Shown are a plurality of BBICs connected together in a distributed 
20 neural network. 

FIG. 35. Shown is a single BBIC from the distributed neural network illustrated 
in FIG. 34. 

FIG.36A,FIG.36BandFIG.36C.An illustrative BBIC showing: (FIG. 36A)the 
optical application-specific integrated circuit (OASIC) mounted in a 40-pin 
25 ceramic chip canter and the enclosure for the cells; (FIG. 36B) the enclosure 

mounted on the chip, as configured for experiments; and (FIG. 36C) the 
enclosure with bioreporters on an agar plug. The O-ring is used to make a 
light-tight seal between the ceramic chip carrier and the bioreporter enclosure. 
FIG. 37. The OASIC used in an illustrative embodiment of the BBIC. This 
30 device measures 2.2 x 2.2 mm and was fabricated in a standard 



5 



ho light was produced. YPEG represents yeast extract/peptone/glucose 



medium. 



complementary-metal-oxide-semiconductor integrated-circuit process. 
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FIG. 38. Minimum detectable concentration of toluene as a function of 
integration time for an illustrative BBIC employing the bioreporter 
Pseudomonas putida TVA8. 



5 4.0 Description of Illustrative Embodiments 

The preferred embodiments of the present invention are illustrated in FIGs. 1- 
32 of the drawings, like numerals being used to refer to like and corresponding parts 
of the various drawings. 



10 4.1 Overview of the System 

A photodiode is integrated into a semiconductor substrate along with signal 
processing electronics and either data storage electronics, electronics for transmission 
of the measured data via a hard-wired communication network or wireless 
communication electronics for remote read-out of the data. Key elements of the 

15 micro-luminometer system are a photodiode compatible with the semiconductor 
process employed to fabricate the accompanying electronics, novel low-noise 
electronics for the detection of low-level photosignals in the presence of electronic 
noise and communications electronics (wired or wireless) to transmit the data to a data 
processing and storage system. 

20 FIG. 1 shows a perspective view of the present invention. The substance 20 

that is being detected enters the BBIC 21 through the polymer matrix 22. Once the 
substance is detected, the BBIC transmits a signal indicating the concentration of the 
substance to a central location. 

FIG. 6 shows a side view of the present invention. The bioreporter is enclosed 

25 in polymer matrix 103, which is separated from a photodetector 102 by a protective 
coating 101. A single substrate 100 contains these elements as well as additional 
circuitry 104 that processes and transmits the signal. 

FIG. 3A shows a high-quality photodetector made using a standard N-well 
CMOS process. The photodetector consists of two reverse biased diodes in parallel. 

30 The top diode is formed between the P+ active layer 45 and the N-well 46, and the 
bottom diode is formed between the N-well 46 and the P-substrate 47. The top diode 
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has good short wavelength light sensitivity (400 - 550 nm), while the bottom diode 
provides good long wavelength sensitivity (500 - 1100 nm). Thus, the complete 
diode is sensitive over the range from 400 to 1 100 nm. The luminescent compound 
under test 41 is separated from the photodetector by a layer 40 of Si 3 N 4 and a layer 42 
5 ofSi0 2 . 

FIG. 4 shows the photodetector 66 in FIG. 1 coupled with signal conditioning 
65 and processing circuitry 64 on a single integrated circuit 60. The purpose of the 
analog signal conditioning circuitry is to amplify and filter the relatively small 
photodetector signal so that it can be compared to a threshold, digitized, or modulated 

10 for transmission. While the effects of wideband noise can be reduced by integration 
of the signal, integration has a much weaker effect on \lf noise. The effect of low 
frequency noise can be reduced by using correlated double sampling (CDS) in which 
two samples are taken within a short interval of time such that one sample consists of 
signal and noise and the other sample consists only of noise. The low frequency 

1 5 component of the noise is greatly attenuated in the difference of these two samples. 

When the targeted substance reaches the bioreporter, it is metabolized and the 
bioreporter emits light with a wavelength of from between about 400 and about 700 
nm (in the visible range). The bioreporter is encased in a polymer matrix that keeps 
the bioreporter positioned over the photodetector, allows the gas or fluid being 

20 sampled to reach the bioreporter, and allows the emitted light to reach the 
photodetector. 

A block diagram showing one possible embodiment of the signal processing 
portion of the present invention is shown in FIG. 5. The photodetector in FIG. 3 A is a 
photodiode 81 that responds to light by conducting a current to the ground. A current 

25 to frequency converter 82 converts this current into a sequence of pulses that are 
counted by a digital counter 83. The number of pulses counted in a fixed period of 
time is directly proportional to the amount of light collected by the photodiode, which 
in turn is directly proportional to the concentration of the targeted substance. A 
wireless transmitter 84 then relays this measured concentration 85 to a central data 

30 collection station. 
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FIG. 8 shows the bioreporter being supplied with water and nutrients. A fluid 
and nutrient reservoir 141 is connected to a microfluidic pump 142 so that nutrient 
and fluid 144 may flow through the polymer matrix 143 enclosing the bioreporter. 
Each of these components can be constructed on a single substrate 140. 
5 An illustrative embodiment of the present invention was constructed by 

coupling P. fluorescens HK44, a naphthalene bioreporter, to an OASIC. The resulting 
BBIC device was exposed to naphthalene. The measured signal is shown in FIG. 2. 
The background reading is indicated from 0 to 10 min, and the reading during induced 
bioluminescence is shown from 10 to 20 min. 
10 Additional circuitry may be included in the BBIC as required. For example, a 

BBIC may contain a Global Positioning Satellite system for determining the location 
of the sensor. 



4,2 Photodetector 
15 The first element in the micro-luminometer signal processing chain is the 

photodetector. The key requirements of the photodetector are: 

• Sensitivity to wavelength of light emitted by the bioluminescent or 
chemiluminescent compound under test; 

• Low background signal (i.e., leakage current) due to parasitic reverse 
20 biased diodes; 

• Appropriate coating to prevent the materials in the semiconductor 
devices from interfering with the bioluminescent or chemiluminescent 
process under study and to prevent the process under study from 
degrading the performance of the micro-luminometer; and, 

25 • Compatibility with the fabrication process used to create the micro- 

luminometer circuitry. 
Two photodetector configurations that satisfy these requirements are described 
below. It should be understood, however, that alternative methods of constructing 
such a photodetector can be used by one skilled in the art without departing from the 
30 spirit and scope of the invention as defined in the claims. 
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In the first embodiment, the photodetector is fabricated in a standard N-well 
CMOS process. Shown in FIG. 3A, this detector is formed by connecting the PN 
junction between the PMOS active region and the N-well in parallel with the PN 
junction between the N-well and the P-type substrate. The resulting detector is 
5 sensitive to light between approximately 400 nm and approximately 1100 nm, a 
range that encompasses the 450 - 600 nm emission range of most commonly used 
bioluminescent and chemiluminescent compounds or organisms. In order to meet the 
requirement that the device have a low background signal, the device is operated with 
a zero bias, setting the operating voltage of the diode equal to the substrate voltage. 

10 The photodiode coating may be formed with a deposited silicon nitride layer or other 
material compatible with semiconductor processing techniques. 

In the second photodetector embodiment, the detector is fabricated in a silicon- 
on-insulator (SOI) CMOS process. The internal leakage current in an SOI process is 
two to three orders of magnitude lower than in standard CMOS due to the presence of 

15 a buried oxide insulating layer between the active layer and the substrate. Two 
photodetector structures are envisioned in the SOI process. The first structure, shown 
on the left of FIG. 3B, consists of a lateral PIN detector where the P-layer is formed 
by the P+ contact layer, the I (intrinsic) region is formed by the lightly doped active 
layer, and the N region is formed by the N+ contact layer of the SOI CMOS process. 

20 The spectral sensitivity of this lateral detector is set by the thickness of the active 
layer, which may be tuned for specific bioluminescent and chemiluminescent 
compounds. 

The second structure, shown on the right side of FIG. 3B, is similar to the first 
except that the junction is formed with a Schottky junction between a deposited cobalt 
25 silicide (CoSi 2 ) or other appropriate material layer and the lightly doped active layer. 

The inventors contemplate that other photodetector configurations may be 
envisioned in silicon or other semiconductor processes meeting the criteria set forth 
above. 
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43 Low Noise Electronics 

The l0 w noise electronics are the second element in the micm-hnnmomeKr 
signal processing chain. The requirements for the tow noise etochomcs are: 

' Sensitivity to very tow signal levels provided by the photodetectort 

bnnmtity to or compensation for etocrronic noise in the atgnal 
processing chain; 

Minimum sensitivity to variations in temperature; 
Minimum sensitivity to changes in power supply voltages (for battery 
powered applications); 

F„, some applications the electronics must have sufficient linearity and 
dynamic range to acenrately record the detected signal level; and, 
ln other applications the electronics most simply detect the presence of 
a signal even in the presence of electronic and environmental notse. 
Three embodiments that satisfy these requirements are conaidered below. It 
,5 should be understood, however, mat alternative methods of detecting smaU signals 
while satisfymg these requirements can be used withon, depaating tarn me spnt. and 
scope of the invention as defined in the claims. 

no 7A schematically shows the fits, approach to the detection of very small 
signals. This device uses a P-dit—1, photodiode, a stiucture compattble 
20 with stondard CMOS 1C processes, to the open circuit mode with a rend-on. amphfter 
(febricated on me same 1C with me photodiode). The luminescent signal generates 
etoction-hole pahs in me P-difiuston and the N-we„. The photo-generatet, elections 
in the P-difftiston are injected into the N-weU, whito me photo-generated ho.es m *e 
N-weU are injected into the P-difftsion. The N-weU is tied to grotum potentia. so M 
25 „„ charge bui.ds up in mis region. However, stoce tite P-difhrsioo is only ahacM to 
te input impedance of a CMOS amphfter (which approaches infintty a. low 
fancies), a positive chnrge collect in mis region. Thus, the voltage on the P- 
diffusion node begins to rise. 

AS the P-diffnsion vohage begins to rise, the P-difteion/N-well photodtode 
30 becomes fotward biased, dtereb, producing a on™, in a direction opposite to toe 
photo-generated current. The system reaches steady-state when the votiage on the P- 
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diffusion node creates a forward bias current exactly equal in magnitude (but opposite 
in polarity) to the photo-current. If this PN junction has no deviations from the ideal 
diode equation, then the output voltage is 

V out =V t ln(I p /(AQ + 1), (1) 

5 

where V t is the thermal voltage (approximately 26 mV at room temperature), I p 
is the photo-current, A is the cross-sectional area of this PN junction, and I s is the 
reverse saturation current for a PN junction with unit cross-sectional area. The value 
of J s depends greatly on the IC process and material parameters. 

10 Two major error currents are present in PN junctions operating at low current 

density: recombination current and generation current. Except at very low 
temperatures, free carriers are randomly created in the PN junction space charge 
region. Since this region has a high field, these thermally excited carriers are 
immediately swept across the junction and form a current component (generation 

15 current) in the same direction as the photo-current. Carriers crossing the space-charge 
region also have a finite chance of recombining. This creates another current 
component (recombination current) in the opposite direction of the photo-current. 
Therefore, taking into account these error currents, equation (1) becomes 

Vm=VtHV P +I g -Ir)1(4V +1). (2) 

20 

This output voltage is a function of parameters that are generally beyond our 
control. However, we do have control over the junction area, A. Unfortunately, to 
make our output signal larger, we want a small A, while we want a large A for a high 
quantum efficiency (QE). 

25 FIG. 7B shows a second microluminometer embodiment that satisfies both of 

these needs. This circuit uses a large area photodiode for efficient light collection, but 
uses a small-area diode in a feedback loop to supply the forward bias current that 
cancels out the photo-current. Once again, the amplifier and feedback diodes are 
fabricated on the same IC as the photodiode. For this circuit, 

30 V ouf = 3 V t ln((/ p + I g - /,) / (4 A Q + 1), (3 ) 
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where A fi is the small cross-sectional area of the feedback diode. More than 
one diode is used in the feedback path to make the output signal large compared to the 
DC offset of any subsequent amplifier stages. This technique allows efficient 
collection of the light with a large-area photodiode, yet produces a large output 
5 voltage because of the small-area diodes in the feedback path. 

The feedback circuit of FIG. 7B maintains the photodiode at zero bias. With 
no applied potential, the recombination and generation currents should cancel. 
Equation (3) becomes 

10 

if the smaller recombination and generation currents in the smaller feedback 
diodes are neglected. 

The principal advantages of the second micro-luminometer embodiment 
shown in FIG. 7B are: 

15 • The SNR is totally determined by the photodiode. Noise from the 

small diode and amplifier are negligible; 

• Diodes can be added in the feedback path until the signal level at the 
output of the amplifier is significant compared to offset voltages (and 
offset voltage drift) of subsequent stages; 

20 • This method is completely compatible with standard CMOS processes 

with no additional masks, materials, or fabrication steps; 

• This detection scheme can be fabricated on the same IC with analog 
and digital signal processing circuits and RF communication circuits; 
and, 

25 • Measurement can be made without power applied to the circuit. Power 

must be applied before the measurement can be read, but the 
measurement can be obtained with no power. 
A third micro-luminometer implementation shown in FIG. 7C uses correlated 
double sampling (CDS) to minimize the effects of low frequency (flicker) amplifier 
30 noise as well as time or temperature dependent variations in the amplifier offset 
voltage. As shown in FIG. 7C, a photodiode with capacitance C d and noise power 
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spectral density S t is connected to an integrating preamplifier with feedback 
capacitance Cf and input noise power spectral density S v through a set of switches that 
are controlled by the logical level of a flip-flop output. When the flip-flop output is 
low, the switches are positioned so that the photocurrent flows out of the preamplifier, 
5 causing the output voltage of the integrator to increase. When the low-pass filtered 
integrator output voltage exceeds a threshold, V Hh the upper comparator "fires," 
setting the flip-flop and causing its output to go high. The detector switches change 
positions, causing current to flow into the integrating amplifier, which in turn causes 
the amplifier output voltage to decrease. When the integrator output goes below a 
1 0 second threshold, V L(h the lower comparator "fires," resetting the flip-flop and causing 
the output to go low again. The process repeats itself as long as a photocurrent is 
present. 

The average period of the output pulse, At, is given by: 

1 P 

15 

where V m and V LO are the threshold voltages of the comparators and I p is the 
diode photocurrent. Two noise sources contribute to error in the measured value of 
At. Sj is the input noise current power spectral density associated primarily with the 
photodiode, and S v is the input noise voltage power spectral density associated 
20 primarily with the preamplifier. The diode noise is given by: 



s i = 2^(2/, + / ) 



K Hz, 



(6) 



where I s is the photodiode reverse saturation current and I p is the photocurrent. 
As the photocurrent approaches zero, the noise power spectral density approaches a 
25 finite value of 4ql s A 2 /Hz. The noise voltage S v of the preamplifier is determined by 
its design and has units of V 2 /Hz. 

The transfer function from the point where the diode noise is introduced to the 
output of the integrator is given approximately by: 



• 
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approximately by: 

f C f + C 4 \[ «mJ (8) 



T*e switch** perform a coifed double saving tm*m »hich — 
7 anols <- sw«oh,„g fluency of the outpu. p*c s«.ng. 

order by the expression: 

f . ) (9) 



//(<o)' 



2/ ' 



15 




^ * is *e avercge period o, «be ou, P u. pulae s-ring. — - 
introduced to «h« oatpu, of 4. integral is approximately given by: 

. (if) 



20 TO s is an m^rtan, — <~ - **" - " ^ " 

TOto8 e tmnsfer nancdon reducea «be effect of tbe mete, noise of *= * 

flicker noise can have a dominant effect. 

The mean squared output noise at the output of the integrator » 
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and the RMS noise voltage is then given by: 

= (12) 

The RMS error in the measured period is determined by the slope of the 
5 integrated signal and the noise at the output of the integrator following the 
relationship 

/dt 



or, approximately, 



10 



a 

a, « 



'*F~TFT (14) 



At 



The error in measuring At may be reduced by collecting many output pulses 
and obtaining an average period. The error in the measured average pulse period 
improves proportionately to the square root of the number of pulses collected, such 
15 that: 

'■"J^JT^ < 15 > 



At 

or 



a * : i-m^L 



i At 



At 

20 where ( meas is the total measurement time. 

Thus, implementation of the micro-luminometer has the following advantages: 

• The low frequency "flicker" noise of the amplifier is reduced by a 
correlated double sampling process; and, 

• Ideally, the accuracy of the measured photocurrent may be improved 
25 without limit by acquiring data for increasing periods of time. 

Of course, practical limitations imposed by the lifetime and stability of the 
signals produced by the luminescent compound under test will ultimately determine 
the resolution of this implementation. 
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4 4 Read-OUT ELECTRONICS 

Several meftods of rendu* ou, fte dara torn *. micro-luminomerer may be 

used These include: 

' . Oen.rauonofaDCvol^level^rtionaUo.hepho.ocurren,, 

. GeneraUonofaDCc^n.levalproportional.o.hapho.ocurraD,; 
. General of a Meal pulse ann g wnose ra,e is proportional «o .he 
photocurrent; 

. On-chip implementation of an analog to digital converter that reports a 
numerical value proportional to the photocurrent; 

• . ♦ nf a serial or parallel communications port 
On-chip implementation ot a senai or y<u 

that reports a number proportional to the photocurrent; 
. cementation of an on-chip wireless communication system that 

reports the value of the photocurrent; 
. Generation of a fogical flag when me I*— « — * ' 

predefined level; and, 
. Generation of a radio-frequency signal or beacon when the 

photocurrent exceeds a predefined level. 



?0 45 NUTRIENT DELIVERY SYSTEM 

FIG. 8 illustrates one method of providing nutrients to the living bioreporters 
on BBlCs. The concept has three main components: 

• a fluid and nutrient reservoir; 

• a microfluidic pump; and, 

• a BBIC. . t t 
Tta fl„ W and nurrien. reservoir and microfluidic pump on a different subsrrare 

ftan ft. BBIC nr., be easier ,0 bnplemen, However, an unpiemenrarion Orar places 
H three componenrs on fta same monolirhic subarate could also be used. 

rirvoir is simp, a confer fta, bolds warer wift rbe approprrare 
notri e»rs in solution. This nan be implement on-chip by depositing a rhrca ox.de 
Tie fluid, a,a of rhe chip and deflning a reserve, apace by ****** 
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methods. To increase the volume of such an implementation, an external container 
(e.g., a plastic pipette tip) may be attached to the on-chip reservoir with an appropriate 
epoxy. 

Microfluidic pumps have been realized in numerous manners including 
5 peristaltic pumps, conducting polymer pumps, and electro-osmotic pumps. For an on- 
chip pump, an electro-osmotic pump is most compatible. This device consists of a 
capillary that has been etched into the Si and then coated with a thermally-grown 
oxide. A top plate is required for proper pump operation. Polydimethylsiloxane 
(PDMS), sold under the brand name Sylgard 184, (Dow Corning) may be used to coat 

10 the top plate. Glass or quartz slides may also be used to form the top plate. The 
capillary could be tens of microns wide and tens of microns in depth. The length can 
be several centimeters, but on a BBIC would likely be on the order of a few mm. To 
activate the pump, a voltage is placed across the capillary. In capillary electrophoresis 
applications, voltages as high as 1 kV are required for rapid separations. However, in 

15 this application, we would expect operation at only a few volts. 

A gravity pump could be also be used where the floor of the capillary is at a 
slant. The end of the capillary that supplies the fluid to the bioreporters could be 
restricted to regulate the flow of fluid or an actuator (e.g., a micro-cantilever) could 
gate fluid flow. In practice, any pump that is small, low power, and can operate from 

20 low voltages could be used either on-chip or on a separate substrate. 

4.6 Biosensors for Chemical and Biological Agents 

A "biosensor" generally refers to a small, portable, analytical device based on 
the combination of recognition biomolecules with an appropriate transducer, and 
25 which detects chemical or biological materials selectively and with high sensitivity. 
A treatise on this subject is given by Paddle (1996), from which the following is 
excerpted: 

They may be used to detect toxic substances from a variety of sources such as 
air, water or soil samples or may be used to monitor enclosed environments. They 
30 also may be formulated as catheters for monitoring drug and metabolite levels in vivo, 
or as probes for the analysis of toxic substances, drugs or metabolites in samples of 
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say, blood and urine. Some biosensors with these potentials are currently either 
commercially available or undergoing commercial development (Scheller et al, 1989; 
Guilbault and Schmidt, 1991; Alvarez-Icaza and Bilitewski, 1993). 



5 Schultz, 1987; Guilbault and Luong, 1988; Blum et al, 1989; Arnold, 1990; Bluestein 
and Chen, 1990; Danielsson, 1990; Hendry et al, 1990; Karube, 1990; Kimura and 
Kuriyama, 1990, Rechnitz and Ho, 1990; Wingard, 1990; Tien et al, 1991; Kauffinan 
and Guilbault, 1992; Grate et al, 1993) and several books (e.g., Janata, 1989; Turner 
et al., 1989; Hall, 1991) have been written describing both the theoretical and 
10 practical aspects of individual biosensor technologies and their development. 

4.6.1 Biosensors 

In biosensors, different biological elements may be combined with various 
kinds of transducers provided that the reaction of the biological element with the 
1 5 substrate can be monitored. Table 1 lists the transducer types available and biological 
elements that have been combined with them to form a biosensor (Scheller et al., 
1989; Guilbault and Schmid, 1991; Swain, 1992; Alvarez-Icaza and Bilitewski, 1993; 
Griffiths and Hall, 1993). 

20 4.6.1,1 Biological Component of Biosensors 

The biological components of biosensors are not only responsible for the 
selective recognition of the analyte, but also the generation of the physio-chemical 
signal monitored on the transducer and, ultimately, the sensitivity of the final device 
(Lowe et al., 1990). They can be divided into two distinct categories: catalytic and 

25 non-catalytic (Scheller et al, 1989; Griffiths and Hall, 1993). The catalytic group 
includes enzymes, micro-organisms and tissues. Devices incorporating these 
elements are appropriate for monitoring metabolites in the millimolar to micromolar 
range and can be used for continuous monitoring. The non-catalytic or affinity class 
biological component comprises antibodies (or antigens), lectins, receptors and 

30 nucleic-acids which are more applicable to 'single use' disposable devices for 
measuring hormones, steroids, drugs, microbial toxins, cancer markers and viruses at 



A great number of review articles (e.g., North, 1985; Frew and Hill, 1987; 
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4.6.1.2 Enzymes 

From an analytical point of view, the most important classes of enzymes are 
the oxidoreductases, which catalyse the oxidation of compounds using oxygen or 
NAD, and the hydrolases, which catalyse the hydrolysis of compounds (Enzyme 
5 Nomenclature 1978, 1979; Alvarez-Icaza and Bilitewski, 1993). Most successful 
biosensors exploit enzymes as the biological recognition/response system because of 
the range of transducible components such as protons, ions, heat, light, electrons and 
mass that can be exchanged as part of their catalytic mechanism (Lowe, 1989). This 
catalytic activity is controlled by pH, ionic strength, temperature and the presence of 
1 0 co-factors. Enzyme stability is usually the deciding factor in determining the lifetimes 
of enzyme based biosensors (typically between 1 day and 1 or 2 months [Rechnitz and 
Ho, 1990]). 

Organelles (e.g., mitochondria, chloroplasts) whole cells (e.g., bacteria) or 
tissue sections from animal or plant sources have been used as biocatalytic packages 

15 in biosensors for a large range of metabolites of clinical interest. Together with the 
numerous enzymes present are all the other necessary components needed to convert 
substrates into products in an environment which has been optimized by evolution 
(Scheller et al % 1989; Rechnitz and Ho, 1990). The major drawback of the use of 
such systems is their multi-enzyme behavior, which results in decreased substrate 

20 specificity. However, sometimes such behavior can work to advantage because by 
merely changing the external experimental conditions different substrates can be 
measured with the same biocatalytic material. The appropriate use of enzyme 
inhibitors, activators and stabilizing agents also can be used to enhance the selectivity 
and lifetimes of tissue based biosensors (Rechnitz and Ho, 1990). 



4.6.1.3 Receptors 

Naturally occurring receptors are non-catalytic proteins that span cell 
membranes, extending into both the extracellular and intracellular spaces. They are 
involved in the chemical senses, such as olfaction and taste, as well as in metabolic 
30 and neural biochemical pathways. Within the organism they act as links in cell-cell 
communication by reversibly binding specific neuro-transmitters and hormones 



25 
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liberaK<1 ftom other ecus for the purpose of conveying messes through the rarge. 
!* — ,o utidate or dimintsh its cellular aefivfty. They are also the bmdtng 

5 intracellular processes. „„w 
Attempts a, using neuroreceptors as the recognition dement tn btosensots have 
largely been restricted . -he nicotinic acetylcholine receptor (»-AChR) which can be 
Jated ftom rhe dec* orga, of the eiectric ee, o, ray In redely large 
Tne unavailability of other receptors for biosensor use is no doubt a refiectton o *e 

10 faCha, they are normally only present in small amounts in Issues and „ un«ab. 
once removed nom rheir namra. lipid membrane environment. However, me pr^u B 
of receptor DNA expression in foreign ce>, lines may produce pmtetns »M for 
biosensor appUcaripns, yet no. fidl, identica! to the narive surfing nu^na! Wtngard, 
,990). The n-AChR and associated ion channel complex bind several naturtdly 

15 occuning toxins. 

4 614 ANTIGENS AND ANTIBODIES 

" ' An antigen is any molecular species that can be recognized by an antmal 
organism as being foreign ro itself and which thetefote niggers the defensive 
2 „ mlhaniam known as the immune response. Thts recognition has a lower molectdar 
weigh, cut-off of -.0,000 Da (Van Emon and Upez-AviU, 1992). .» nanua, 
encumstances such antigens am W** l«— - ^saccharides * * 
anrfaces of viruses, bacteria and microfinrgi, or a. the surfaces of cans and 
ta blood or fisaues of ofiaer species or even of different individual of One sante 
25 species. Foreign DNA o, RNA is also antigenic as is maKria, of plant ongtn. 

An anribody (Ab) is a molecule produced by animals in response » *e 
antigen and which binds ,0 Ore latret stifle*. Antibodies «o smaller molecular 
weigh, environmental comamin^ such as pesticides, herbicides, microbial ,oxms 
and mdttarial chemicals can be made after firs, covalen,., aftaching the later 
30 eerier prorein such as bovine serum albumin (BSA) or keyhole limpe, haetnocyantn 
(KEH) (Van Emon and Lopez-Avila, .992). The small molecular component of the 



WO 99/27351 




PCT/US98/25295 



-32- 



resultant conjugate, which has been modified for antigenic recognition, is known as a 
hapten. A host of other biotoxins of microbial, plant and animal origin are either 
antigenic or can be rendered antigenic by the formation of hapten-protein conjugates. 
In mammals, two distinct types of molecule are involved in the recognition of 
5 antigens. These are the proteins called immunoglobulins which are present in the 
serum and tissue fluids, and the antigen receptors on the surface of specialized blood 
cells-the T-lymphocytes. It is the immunoglobulins, or antibodies, whose selective 
and tight binding characteristics for antigens are made use of in immunological 
methods of analysis. In most higher animals the immunoglobulins, or antibodies, fall 

10 into five distinct classes, namely IgG, IgA, IgM, IgD and IgE. These differ from each 
other in size, charge, amino acid composition and carbohydrate content. They all 
appear to be glycoproteins but the carbohydrate content ranges from 2-3% for IgG to 
12-14% for the others. The basic structure of all immunoglobulin molecules is a 
Y-shaped unit consisting of two identical light polypeptide chains and two identical 

15 heavy polypeptide chains linked together by disulfide bonds. The amino terminal 
ends of the 'arms' of the Y are characterized by sequence variability and are the 
antigen binding sites. IgG is the exclusive anti-toxin class of antibody. IgM is a 
pentamer of five Y-shaped units whose role appears to be to complex infectious 
organisms (Turner, 1989). 

20 The binding of antigen to antibody at transducer surfaces can be measured 

directly and indirectly. Binding can be detected by conjugating the antigen or 
antibody to a fluorescent label (Anis et al 9 1992; Ogert et aL, 1992; Lee and 
Thompson, 1993). 

25 4.6. 1 .5 Nucleic Acids 

The specific sequence of bases along a strand of DNA and the unique 
complementary nature of the pairing between the base pairs (adenine and thymine or 
cytosine and guanine) of adjacent strands in the double helix is the basis of 
biodiversity. The ability of a single-stranded nucleic-acid molecule to recognize and 

30 bind (hybridize) to its complementary partner in a sample has been used in genetic 
analyses and may also be used in a biosensor. 
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Sample prcparafmn might include one or more of the foKowing seps: (a, 
the DN A from the cells in a sample; (b) preparation of the DN A in single 

specific DNA sequence » a double stran single . strand ed fonn and 

loon Since the preparation of the DNA in single 
19 90; Downs, 1991). Since* P P ^ a 

its subsequent hybridization would not be reqmred., 
10 shorter sample preparation time. 

i(t2 viruses, Bacteria and Fungi 

«* ,0 eells v* sperafo receptors and mis partly determines which cel. type 
21 L particular cells ma, are infected ara ultimately decoyed 
15 ^ T toohemical disrurhances accompanying me in— 

because of the complex biocnerm doub i e -stranded 
r Hon of the virus. Viruses contain either s.ngle-stranded or 

to 10 3 - 10 4 -fold depending on the antibody) (Darnell et al, 1990). 
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Certain pathogenic bacteria synthesize and secrete exotoxins as part of the 
mechanism underlying the specific symptoms of the diseases that they produce. 
Examples of these proteins that poison or kill susceptible mammalian cells are the 
Shigella dysenteria toxin. Staph aureus enterotoxin, tetanus toxin and botulinum 
5 neurotoxin, as well as the toxins produced by Bacillus anthracis and Corynebacterium 
diphtheriae. Other pathogenic bacteria (the Salmonella and Brucella species in Table 
2) liberate toxins when they are lysed. These toxins are components of the bacterial 
cell wall and are conjugates of protein, lipid and carbohydrate and have been called 
endotoxins. Both types of toxin are antigenic. The different types of bacteria have 
10 different cell wall structures. All types (Gram-positive (G+), gram-negative (G-) and 
mycobacteria) have an inner cell membrane and a peptidoglycan wall. Gram-negative 
bacteria also have an outer lipid bilayer in which lipopolysaccharide is sometimes 
found. The outer surface of the bacterium may also contain fimbriae or flagellae, or 
be covered by a protective capsule. Proteins and polysaccharides in these structures 
can act as targets for the antibody response. 

Some fungi are pathogenic to man because they can invade the body tissues 
and proliferate there rather than because they liberate toxins. Three of these are listed 
in Table 2. Other fungi are dangerous to humans because of the toxins they produce 
and liberate into the environment. A particular example of the latter is the fusarium 
species which produce tricothecene mycotoxins mentioned. 

Fungi may be utilized as a bioreporter. The inventors contemplate the use of 
fungi {e.g., yeast) in methods of the present invention. For example, yeast strains may 
be constructed by methods similar to those disclosed herein for bacterial strains in 
which the yeast will emit a bioluminescent signal in response to an environmental 
signal or stress. 

4.6 3 Biosensors Based on Antibodies 

There is a wide range of toxins for which enzyme based and receptor based 
strategies are not available for the development of biosensors. However, assuming 
that one can obtain the appropriate antibodies, antibody based biosensors are possible 
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Is has « .0 the uae of seeing long ehain «. membrane 
J 1 Lss) on giaas . *a and go,d «*~ The «U — groups 
ZZ "doited ,0 react whh spec* groups on antihodies o, -Mr 
Its ,0 form a uniform geomenica, an., of -gen hinding sites (Bhana a, 
,n ,og 9 - ZulU. a/., 1994; Mrksich and Whitesides, 1995). 
'° ' te of dte immobiBzed -hodies is aiso . cHrical faotot for 

«. research A problem associated win, dds ts ma. if on-stte preparatton 
rrr^mreUia^.^ma^ese^handme^ 

JT. b. deveioped to speed this up. A further retirement which is more tmportan. 

L„ g ,„ me sensor surface (AMnwaiia a, n, .«). Perhaps one appro. ^ 
proM eL would be to use a SAM formed from a mixnare of rwo iong chatn *- 

^ and me orher prea^ng a shot, ohgomer of em y .ene *» Ho 

* whit^ides 1995). This mixture would allow the possum y 

" — bound -bod, *-on - op—g — • — 

"^MO, — -ions are e— hrevetsible because^ 
25 _ Marion con^rs * of V, -.0> K>, Tne ^ — ^ 
forward M - small revert* fr,] rare consran.s mngtng from 10 M 

1', Deve.opingannbod.es wtth 

ILtUy fear -gen disaoctarion rares „ al.ow reversible tne—a ,n «, 
,9*5; Roe, !«, could ,e.d .0 c-nuoua or a. leas. sen,- 
30 TI— of dte -gen wirhou, dte need ,0 repine «. -bod, or .verse *. 
W nTg b, me nae o, chaorropic aoludon, (BUncham a, ,«* - * 
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1994b) . ^ rechnoiogy wU, evenly allow » pMuorion of -bodies 
with new binding properties. 

An app^h ~ may soive rhe pta of — * . «. 

5 mtai o I —o.o fcarures of — - coo — — 

of causing a wide range of chemica, transformations, rangmg from s,mpie 

L y disfavored 0— - *. ™: Haynes * * '»» < A 

,„ to described by BiacRbun, - ,1, (.990), Thus, ir ■ concede 

antibodies can be „b«ained for cbenncais and roxins, tiren b_ . **- 
aoosfances, capabie of continuous unanended running and no, re q u,nng fresh supphes 
ofsensormaterial.couldbeoomaaieality. 

AUe^tiveiy, .o utiHze nnnnnroreactions effective,, . aensoc desrgn, ft. 

15 ^ of irreversibdi., ncay be by c^ng a ceaecvoic 

Leases .nan— a - «* sensing region of abe ^ *v.~ 0— 
reto epolyr»ersbavebeenusedfor«hispurpose(B=rna«iandWa 1 0992). 

2 „ nrofecuiar impactions acoording . disrance apart,, >, .a posarbfe *a, ^ 
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464 nucleic-Acid Based biosensors 

The time consumin g preparative amps in gene prebe assays mate ,. dtfflcn. 
for them lo be consider as ft. basis of btosensors for fte on-a,.= delechon of 
pathogenic micro-organisnis. The major time-consuming steps are the DN A isolation 
! ,T tioniTCR™) Procedures and the hybridization detection step. Recently, 

Iridtzation process - complement ss-DNA in a sample by asm ft 

^nnno a, ... « Besides, rhe possibiltiy of behtg aery sensmva^ 

^L, sach a nucleic-ncid based sensor has some advances over 

Lensors Filst , i, ,s more SB b.e and eon be srored for longer penods. Also, me 

_ WKk „ he dheced ,0^ ^^"^ ^ 
oathogenic bacteria and fungi (Smith et at., iwj k 
LJL* *em on me sensor surface. Delection of hybridan may be h^ 
impr oved by covalentiy immobile me ds-DNA sensitive ^ — * 
on ,„ the immobilized ss-DNA a, me glass fiber sarface (Pinnno « aL , .994). 

47 M.CKO.ULB.OSENSORSl.S.NGM.LTtrUXEDB^M.-.ESCENCE 

, Whole cel. biosensors are oc—y limiled in .enos of sensthvt.y an 

b, signal hanaduction mechanisms and by non-speoffic inferences. 

onanisms of mictohes htio readily measure sig„a.s(Wood and Grnber, 19* 
rr^berembyreferen^.Becaoaelivingcellsareasrendy-s.age^f 

„ ZL of looting btoohemica, paftways, i« is » - £ 

wititon, affecting, ,0 some degree, sever, omer pafts. Wim many po^ 
ffid exrerna, conditions being sensed sitnohaneously in a ee„, a change m » - 
La affee, me cellular physiology in tmprediclable ways. ,» a microbial sen^ 
Z lead ro unreliable and even uninterpre»b,e responses . environmental 
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In order to make microbial sensors more reliable, it may be necessary to 
ascertain the effects of the non-specific stimuli and eliminate them from the sensor 
response. The cumulative effect of the non-specific stimuli may be determined 
through a second signal transducer (not coupled to the specific genetic sensing 
5 system) to yield an internal control signal. This control signal may serve as a 
dynamic baseline with which to compare the target signal. Since the signal from the 
target transducer indicates the effects of both the targeted and non-specific stimuli, by 
normalizing the target signal to the control signal, the effects of the target stimulus 
can be isolated. 

10 This may be achieved by employing two genetic reporters which behave 

essentially identically within the complex chemical environment of living cells, but 
yield readily differentiated signals. In preferred embodiments, the two genetic 
reporters may include bioluminescence proteins with subtle modifications between 
each other, such modifications providing a distinguishable change in emission 

15 wavelength. Examples of such variants are commercially available for many 
bioluminescent reporters and are well known in the art (see e.g., Wood, 1990). 

Multiple bioluminescent reporters may be constructed to be translated into a 
single polypeptide comprising two fractional bioreporters. If the excitation spectrum 
of one or more of the reporters is within the range of emission of one or more of the 

20 other reporters in such a construct, the inventors contemplate that this "hybrid" 
construct would provide increased signal strength or sensitivity or both over those 
comprising only one reporter. Alternatively, as opposed to being translated into a 
single polypeptide, the multiple bioluminescent reporters may be translated into 
separate polypeptides that encode regions that allow the reporters to bind each other or 

25 be in close proximity to each other. "Close proximity" refers to an arrangement where 
the emission of one or more of the reporters is able to excite one or more of the other 
reporters. 
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4.8 Recombinant Vectors Expressing Bioluminescence Genes 

One important embodiment of the invention is a recombinant vector which 
comprises one or more nucleic-acid segments encoding one or more bioluminescence 
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. —fand to and replicated in a prokaryotic or 
In other embodiments, recomb inant, or 

jp,o y a p^er *. — «T — * ' * " of ^ and 

.he an of molecular taology 0*. «■« riaK 
eoodfcns.oai.o.Ugh.eveUxpress.oaofthe^ ^ 

• « T more bioluminescence polypeptides, tug y f 
enWimS ° 1 Z ,l .enea of Vibrio J^rii, luxCDABE. M- 

In a second en.bodi.nen. of ft. P-n, ~ « 
ttal « cap* - For eMmpl e, — - — 
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ln a « — . 0, ft. presen, ** «— — " 

HI cap* o f prodoci„ g a reaction « *~ • — < ^ 
„ , *at can be directly convened to a chromogenrc stgnal. For example, 

"lei ally aval,* *at a, chronic when coaverted by Ute respecuve 
ZTCU choices o f eacita«on and emissron — , - 

, • u in he readilv adaptable for use in the present methods. 
10 —ZZZLL of the preaen, — , the „ —J 
— , vecmr cornpr^ a — «« — ~ 
^peprides « express* on fte anrfaoe of a cell, or seareten from a ce^b 

15 polypeptides. In another bio luminescent, 
that, directly or indirectly, is capable of producing 

chemiluminescent, or chromogenic product. 

u J m »„t c the recombinant vector may comprise the 
In each of the above embodiments, the recomoman 

gsne „ pperadvely _ to a promo, ^ = « ^ 

. f in a nreferred embodiment the lux genes m 
20 environmental factor. In a prererreu transooson 

.■ .i„ linked to the tod operon within a mini-TnJ transposon. 
toCD^£ are operatively linked to the too p 

However the inventors contemplate that virtually any recombinant vector that *low 
"ic-acid segment of interest to be operatively linked to a promoter that is 
^ M JL—*-.^*--- -fulrecombinantvectorsmay 
25 II but are not limited to, the gene of interest operatively linked to a prom^ 
" ^'responsive to an environmental factor by means of gene fusions, operon 

fusions, or protein fusions. 

corner Important embodiment of the invention is a — * « 

„f these recombinant vectors. The host cell may be 

30 irtrlLt^n, organs comp^ fte — vecmr 
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which encode tiae genes of M A— « ««U. Bac,erial -fl. - 
prefer as proxacyotic hosts, and yeas, cells « partial, preferred as 

eukaryotic hosts • , ♦ 

A „ide vane., of ways are aval.* for introducing a nucleie-ac,d segmen, 

, pressing a Polypeptide * U, p^vide biolummescence or — mm 

Z « — — ~* a,low fM "* TTZZ 

expression of -he gene. One can provide for DNA wtach ,nc ude d, 

JLtpdonal and tianslatioual to — ° ° f ^ 

,„ logons - a sequence in dr. nos, organism, vdrereby inmgration wdl occrn or 
lp U Jon sys,em which is ftanctional in tire ho* whereby mmgration or aable 
maintenance will occur or both. 

The transcriptional initiation signals will inclnde a promoter and 
^ona, initiation star, site. In preferred instances, it ma, be 
15 provide for regulative expression of the nncleicacid segmen, able to pmv* 
Luminescence or chemilumurescence, where expression of dte nudercacrd se men, 
„i„ only occur after re,e*se hr,o me proper —en,. This can be achreved 
operator or a regron binding ,0 an activa.0, or enhancers, which are capable 0 

codon will be present. 

Various manipmations may be employed for enhancing the =xpress,on of the 
_ RMA, particular,, by using an active promorer, as well as by employmg 
„, which enhance me suabilfty o, me messenger RNA. Tbe .ransenpuona, 
25 and transanal .ermination region will involve stop codon or cndons, a —r 
region, and optionally, a polyadenylation signal (when used in a Encode sys,em, ; 

,„ tire direction of uanscription, namely in tine 5' » 3' direction of the codmg 
or sense sequence, ,he coustiuc, will involve me nanscripdona, regularory mgton tf 
my and me promo,er, where ft. regulatiny regron may be eidrer 5' or a of 
30 promos me ribosoma, binding she, me initiation codon, tine stincuna, gene havurg 
L open readurg ftame in phase wim me initiation codon, me smp codon or codons. 
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*. pw*. *- — if -* *• tenmna,or regi °°' ™* "rr 

B a do* amnd may be used b, itself for «W- - ■ — 

b u, wi,l usuaUy be inCuded wifi, a DNA sequence invoking a maficer, where rhe 
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transcriptional initiation region, so long as the two regions are compatible and 
functional in the host. 

Where stable episomal maintenance or integration is desired, a plasmid will be 
employed which has a replication system which is functional in the host. The 
5 replication system may be derived from the chromosome, an episomal element 
normally present Jn the host or a different host, or a replication system from a virus 
which is stable in the host. A large number of plasmids are available, such as 
pBR322, pACYC184, RSF1010, pR01614, and the like. See for example, Olson et 
al t 1982; Bagdasarian et aL, 1981, and U. S. Patent Nos. 4,356,270, 4,362,817, 
10 4,371,625, and 5,441,884, each of which is incorporated specifically herein by 
reference. 

The desired gene can be introduced between the transcriptional and 
translational initiation region and the transcriptional and translational termination 
region, so as to be under the regulatory control of the initiation region. This construct 

15 will be included in a plasmid, which will include at least one replication system, but 
may include more than one, where one replication system is employed for cloning 
during the development of the plasmid and the second replication system is necessary 
for functioning in the ultimate host. In addition, one or more markers may be present, 
which have been described previously. Where integration is desired, the plasmid will 

20 desirably include a sequence homologous with the host genome. 

The transformants can be isolated in accordance with conventional ways, 
usually employing a selection technique, which allows for selection of the desired 
organism as against unmodified organisms or transferring organisms, when present. 
The transformants then can be tested for bioluminescence or chemiluminescence 

25 activity. If desired, unwanted or ancillary DNA sequences may be selectively 
removed from the recombinant bacterium by employing site-specific recombination 
systems, such as those described in U.S. Patent No. 5,441,884, specifically 
incorporated herein by reference. 
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4.9 



Methods for Preparing Antibodies 

In another aspect, the present invention contemplates an antibody that is 



inununoreactive with a polypeptide. Reference to antibodies throughout the 
specification includes whole polyclonal and monoclonal antibodies (mAbs), and parts 
5 thereof, either alone or conjugated with other moieties. Antibody parts include Fab 
and F(ab) 2 fragments and single chain antibodies. The antibodies may be made in 
vivo in suitable laboratory animals or in vitro using recombinant DNA techniques. In 
a preferred embodiment, an antibody is a polyclonal antibody. 



10 immunogen comprising a polypeptide of the present invention and collecting antisera 
from that immunized animal. A wide range of animal species can be used for the 
production of antisera. Typically an animal used for production of anti-antisera is a 
rabbit, a mouse, a rat, a hamster or a guinea pig. Because of the relatively large blood 
volume of rabbits, a rabbit is a preferred choice for production of polyclonal antibodies. 

15 Antibodies, both polyclonal and monoclonal, specific for given polypeptides 

may be prepared using conventional immunization techniques, as will be generally 
known to those of skill in the art. A composition containing antigenic epitopes of 
particular polypeptides can be used to immunize one or more experimental animals, 
such as a. rabbit or mouse, which will then proceed to produce specific antibodies 

20 against the polypeptide. Polyclonal antisera may be obtained, after allowing time for 
antibody generation, simply by bleeding the animal and preparing serum samples from 
the whole blood. 

The amount of immunogen composition used in the production of polyclonal 
antibodies varies upon the nature of the immunogen, as well as the animal used for 

25 immunization. A variety of routes can be used to administer the immunogen 
(subcutaneous, intramuscular, intradermal, intravenous and intraperitoneal). The 
production of polyclonal antibodies may be monitored by sampling blood of the 
immunized animal at various points following immunization. A second, booster 
injection, also may be given. The process of boosting and titering is repeated until a 

30 suitable titer is achieved. When a desired level of immunogenicity is obtained, the 



Briefly, a polyclonal antibody is prepared by immunizing an animal with an 
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30 plasmids, cosmids, phagemids, phage, viroses, and me take. 
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Similarly, a nucleic-acid segment comprising an isolated or purified 
bioluminescence gene refers to a nucleic-acid segment which may include, in addition 
to peptide encoding sequences, certain other elements such as, regulatory sequences, 
isolated substantially away from other naturally occurring genes or protein-encoding 
5 sequences. In this respect, the term "gene" is used for simplicity to refer to a 
functional protein-, polypeptide- or peptide-encoding unit. As will be understood by 
those skilled in the art, this functional term includes both genomic sequences, cDNA 
sequences and smaller engineered gene segments that express, or may be adapted to 
express proteins, polypeptides or peptides. In a preferred embodiment, the nucleic- 

1 0 acid segment comprises an operon of lux genes. 

"Isolated substantially away from other coding sequences" means that the 
gene, or operon, of interest, in this case, an operon encoding bioluminescence 
polypeptides, forms the significant part of the coding region of the DNA segment, and 
that the DNA segment does not contain large portions of naturally-occurring coding 

15 DNA, such as large chromosomal fragments or other functional genes or cDNA 
coding regions. Of course, this refers to the DNA segment as originally isolated, and 
does not exclude genes or coding regions later added to the segment by the hand of 
man. 

It will also be understood that amino acid and nucleic-acid sequences may 
20 include additional residues, such as additional N- or C-terminal amino acids or 5' or 3' 
sequences, and yet still be essentially as set forth in one of the sequences disclosed 
herein, so long as the sequence meets the criteria set forth above, including the 
maintenance of biological protein activity where protein expression is concerned. The 
addition of terminal sequences particularly applies to nucleic-acid sequences that may, 
25 for example, include various non-coding sequences flanking either of the 5' or 3' 
portions of the coding region or may include various internal sequences, Le. 9 introns, 
which are known to occur within genes. 

The nucleic-acid segments of the present invention, regardless of the length of 
the coding sequence itself, may be combined with other DNA sequences, such as 
30 promoters, polyadenylation signals, additional restriction enzyme sites, multiple 
cloning sites, other coding segments, and the like, such that their overall length may 
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vary considerably. It is therefore contemplated that a nucleic-acid fragment of almost 
any length may be employed, with the total length preferably being limited by the 



5 sequences of the present invention may be of any length. By assigning numeric values to 
a sequence, for example, the first residue is 1, the second residue is 2, etc., an algorithm 
defining all primers can be proposed: 



10 length of the primer minus one, where n+y does not exceed the last number of the 
sequence. Thus, for a 10-mer, the probes correspond to bases 1 to 10, 2 to 1 1, 3 to 12, 
and so on. For a 1 5-mer, the probes correspond to bases 1 to 1 5, 2 to 1 6, 3 to 1 7, and so 
on. For a 20-mer, the probes correspond to bases 1 to 20, 2 to 21 , 3 to 22, and so on. 



15 nucleic-acid sequences which encode peptides of the present invention. Recombinant 
vectors and isolated DNA segments may therefore variously include the peptide- 
coding regions themselves, coding regions bearing selected alterations or 
modifications in the basic coding region, or they may encode larger polypeptides that 
nevertheless include these peptide-coding regions or may encode biologically 

20 functional equivalent proteins or peptides that have variant amino acids sequences. 

The DNA segments of the present invention encompass biologically- 
functional equivalent peptides. Such sequences may arise as a consequence of codon 
redundancy and functional equivalency that are known to occur naturally within 
nucleic-acid sequences and the proteins thus encoded. Alternatively, functionally- 

25 equivalent proteins or peptides may be created via the application of recombinant 
DNA technology, in which changes in the protein structure may be engineered, based 
on considerations of the properties of the amino acids being exchanged. Changes 
designed by humans may be introduced through the application of site-directed 
mutagenesis techniques, e.g., to introduce improvements to the bioluminescence of 

30 the protein or to test mutants in order to examine activity at the molecular level. 



ease of preparation and use in the intended recombinant DNA protocol. 

The various probes and primers designed around the disclosed nucleotide 



nton +y 

where n is an integer from 1 to the last number of the sequence and y is the 



It will also be understood that this invention is not limited to the particular 
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The ability of such nucleic-acid probes to specifically hybridize to 
bioluminescence polypeptide-encoding sequences will enable them to be of use in 
detecting the presence of complementary sequences in a given sample. However, 
other uses are envisioned, including the use of the sequence information for the 
5 preparation of mutant species primers, or primers for use in preparing other genetic 
constructions. 

Nucleic-acid molecules having sequence regions consisting of contiguous 
nucleotide stretches of such as 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 
28, 29, 30, 31, 32, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 

10 51, 52, 53, etc.; 60, 61, 62, 63, etc.; 70, 71, 72, 73, etc., 80, 81, 82, 83, etc., 90, 91, 92, 
93, etc.; 100, 101, 102, 103, etc.; 150, 151, 152, 153, etc.; including all integers 
through the 200-500; 500-1,000; 1,000-2,000; 2,000-3,000; 3,000-5,000; 5,000- 
10,000 ranges, up to and including sequences of about 12,001, 12,002, 13,001, 13,002 
and the like nucleotides or so, identical or complementary to nucleic-acid sequences 

15 disclosed herein are particularly contemplated as hybridization probes for use in, e.g., 
Southern and Northern blotting. Smaller fragments will generally find use in 
hybridization embodiments, wherein the length of the contiguous complementary 
region may be varied, such as between about 10 to 14 and about 100 or 200 
nucleotides, but larger contiguous complementary stretches may be used, according to 

20 the length complementary sequences one wishes to detect. 

The use of a hybridization probe of about 14, 15, 16, 17, 18, or 19 nucleotides 
in length allows the formation of a duplex molecule that is both stable and selective. 
In order to increase stability and selectivity of the hybrid molecules having contiguous 
complementary sequences over stretches greater than 14, 15, 16, 17, 18, or 19 bases in 

25 length are generally preferred and thereby improve the quality and degree of specific 
hybrid molecules obtained; however, one will generally prefer to design nucleic-acid 
molecules having gene-complementary stretches of 15 to 20 contiguous nucleotides, 
or even longer, where desired. 



30 by mechanical shearing or by restriction enzyme digestion. Small nucleic-acid 
segments or fragments may be readily prepared by, for example, directly synthesizing 



Of course, fragments may also be obtained by other techniques such as, e.g., 
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the fragment by chemical means, as is commonly practiced using an automated 
oligonucleotide synthesizer. Also, fragments may be obtained by application of 
nucleic-acid reproduction technology, such as the PCR™ technology of U.S. Patents 



5 selected sequences into recombinant vectors for recombinant production, and by other 
recombinant DNA techniques generally known to those of skill in the art of molecular 
biology. 

Accordingly, the nucleotide sequences of the invention may be used for their 
ability to selectively form duplex molecules with complementary stretches of DNA 

10 fragments. Depending on the application envisioned, one will desire to employ 
varying conditions of hybridization to achieve varying degrees of selectivity of probe 
towards target sequence. For applications requiring high selectivity, one will typically 
desire to employ relatively stringent conditions to form the hybrids, e.g., one will 
select relatively low salt, or high temperature conditions, such as provided by about 

15 0.02 M to about 0.15 M NaCl at temperatures of about 50°C to about 70°C, or both. 
Such selective conditions tolerate little, if any, mismatch between the probe and the 
template or target strand, and would be particularly suitable for isolating 
bioluminescence polypeptide-encoding DNA segments. Detection of DNA segments 
via hybridization is well-known to those of skill in the art, and the teachings of U.S. 

20 Patents 4,965,188 and 5,176,995, each incorporated herein by reference, are 
exemplary of the methods of hybridization analyses. Teachings such as those found 
in the texts of Maloy et aL, 1990; 1994; Segal 1976; Prokop, 1991; and Kuby, 1994, 
are particularly relevant. 



25 mutants employing a mutant primer strand hybridized to an underlying template or 
where one seeks to isolate bioluminescence polypeptide-encoding sequences from 
related species, functional equivalents, or the like, less stringent hybridization 
conditions will typically be needed in order to allow formation of the heteroduplex. 
In these circumstances, one may desire to employ conditions such as about 0.15 M to 

30 about 0.9 M salt, at temperatures ranging from about 20°C to about 55°C. Cross- 
hybridizing species can thereby be readily identified as positively hybridizing signals 



4,683,195 and 4,683,202, each incorporated herein by reference, by introducing 



Of course, for some applications, for example, where one desires to prepare 
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with respect to control hybridizations. In any case, it is generally appreciated that 
conditions can be rendered more stringent by the addition of increasing amounts of 
formamide, which serves to destabilize the hybrid duplex in the same manner as 
increased temperature does. Thus, hybridization conditions can be readily 
5 manipulated, and thus will generally be a method of choice depending on the desired 
results. 

In certain embodiments, it will be advantageous to employ nucleic-acid 
sequences of the present invention in combination with an appropriate means, such as 
a label, for determining hybridization. A wide variety of appropriate indicator means 

10 are known in the art, including fluorescent and enzymatic, which are capable of giving 
a detectable signal. In preferred embodiments, one will likely desire to employ a 
fluorescent label or an enzyme tag, such as urease, alkaline phosphatase or peroxidase. 
In the case of enzyme tags, colorimetric indicator substrates are known that can be 
employed to provide a means visible to the human eye or spectrophotometrically to 

15 identify specific hybridization with complementary nucleic-acid-containing samples. 
Similarly, in the case of fluorescent tags, fluorescent indicators are known that can be 
employed to provide a means visible to the apparatus of the present invention. 

In general, it is envisioned that the hybridization probes described herein will 
be useful both as reagents in solution hybridization as well as in embodiments 

20 employing a solid phase. In embodiments involving a solid phase, the test DNA (or 
RNA) is adsorbed or otherwise affixed to a selected matrix or surface. This fixed, 
single-stranded nucleic-acid is then subjected to specific hybridization with selected 
probes under desired conditions. The selected conditions will depend on the 
particular circumstances based on the particular criteria required (depending, for 

25 example, on the G+C content, type of target nucleic-acid, source of nucleic-acid, size 
of hybridization probe, etc.). After washing of the hybridized surface so as to remove 
nonspecifically bound probe molecules, specific hybridization is detected, or even 
quantitated, by means of the label. Means for probe labeling and hybrid detection are 
well-known to those of skill in the art, as evidenced by references such as Sayler and 

30 Layton (1990) and Hill et ai (1991), each specifically incorporated herein by 
reference. 
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4.11 



Methods for Preparing Mutagenized DNA Segments 



In certain circumstances, it may be desirable to modify or alter one or more 
nucleotides in one or more of the promoter sequences disclosed herein for the purpose 
5 of altering or changing the transcriptional activity or other property of the promoter 
region. In general, the means and methods for mutagenizing a DNA segment are well 
known to those of skill in the art. Modifications to such segments may be made by 
random or site-specific mutagenesis procedures. The promoter region may be 
modified by altering its structure through the addition or deletion of one or more 
10 nucleotides from the sequence which encodes the corresponding un-modified 
promoter region. 

Mutagenesis may be performed in accordance with any of the techniques 
known in the art such as and not limited to synthesizing an oligonucleotide having one 
or more mutations within the sequence of a particular promoter region. In particular, 

1 5 site-specific mutagenesis is a technique useful in the preparation of promoter mutants, 
through specific mutagenesis of the underlying DNA. The technique further provides 
a ready ability to prepare and test sequence variants, for example, incorporating one or 
more of the foregoing considerations, by introducing one or more nucleotide sequence 
changes into the DNA. Site-specific mutagenesis allows the production of mutants 

20 through the use of specific oligonucleotide sequences which encode the DNA 
sequence of the desired mutation, as well as a sufficient number of adjacent 
nucleotides, to provide a primer sequence of sufficient size and sequence complexity 
to form a stable duplex on both sides of the deletion junction being traversed. 
Typically, a primer of about 17 to about 75 nucleotides or more in length is preferred, 

25 with about 10 to about 25 or more residues on both sides of the junction of the 
sequence being altered. 

In general, the technique of site-specific mutagenesis is well known in the art, 
as exemplified by various publications. As will be appreciated, the technique 
typically employs a phage vector which exists in both a single stranded and double 

30 stranded form. Typical vectors useful in site-directed mutagenesis include vectors 
such as the Ml 3 phage. These phage are readily commercially available and their use 
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10 



15 



20 



25 



is generally well known to those skilled in the art. Double stranded plasmids are also 
routinely employed in site directed mutagenesis which eliminates the step of 
transferring the gene of interest from a plasmid to a phage. 

In general, site-directed mutagenesis in accordance herewith is performed by 
first obtaining a single-stranded vector or melting apart of two strands of a double- 
stranded vector which includes within its sequence a DNA sequence which encodes 
the desired promoter region or peptide. An oligonucleotide primer bearing the desired 
mutated sequence is prepared, generally synthetically. This primer is then annealed 
with the single-stranded vector, and subjected to DNA polymerizing enzymes such as 
E. coli polymerase I Klenow fragment, in order to complete the synthesis of the 
mutation-bearing strand. Thus, a heteroduplex is formed wherein one strand encodes 
the original non-mutated sequence and the second strand bears the desired mutation. 
This heteroduplex vector is then used to transform or transfect appropriate cells, such 
as E. coli cells, and clones are selected which include recombinant vectors bearing the 
mutated sequence arrangement. A genetic selection scheme was devised by Kunkel et 
al. (1987) to enrich for clones incorporating the mutagenic oligonucleotide. 
Alternatively, the use of PCR™ with commercially available thermostable enzymes 
such as Taq polymerase may be used to incorporate a mutagenic oligonucleotide 
primer into an amplified DNA fragment that can then be cloned into an appropriate 
cloning or expression vector. The PCR™-mediated mutagenesis procedures of Tomic 
et al (1990) and Upender et al (1995) provide two examples of such protocols. A 
PCR™ employing a thermostable ligase in addition to a thermostable polymerase may 
also be used to incorporate a phosphorylated mutagenic oligonucleotide into an 
amplified DNA fragment that may then be cloned into an appropriate cloning or 
expression vector. The mutagenesis procedure described by Michael (1994) provides 
an example of one such protocol. 

The preparation of sequence variants of the selected promoter-encoding DNA 
segments using site-directed mutagenesis is provided as a means of producing 
potentially useful species and is not meant to be limiting, as there are other ways in 
which sequence variants of DNA sequences may be obtained. For example, 
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recombinant vectors encoding the desired promoter sequence may be treated with 
mutagenic agents, such as hydroxylamine, to obtain sequence variants. 

As used herein, the term "oligonucleotide directed mutagenesis procedure" 
refers to template-dependent processes and vector-mediated propagation which result 
5 in an increase in the concentration of a specific nucleic-acid molecule relative to its 
initial concentration, or in an increase in the concentration of a detectable signal, such 
as amplification. As used herein, the term "oligonucleotide directed mutagenesis 
procedure" also is intended to refer to a process that involves the template-dependent 
extension of a primer molecule. The term template-dependent process refers to 

10 nucleic-acid synthesis of an RNA or a DNA molecule wherein the sequence of the 
newly synthesized strand of nucleic-acid is dictated by the well known rules of 
complementary base pairing (Watson, 1987). Typically, vector mediated 
methodologies involve the introduction of the nucleic-acid fragment into a DNA or 
RNA vector, the clonal amplification of the vector, and the recovery of the amplified 

15 nucleic-acid fragment. Examples of such methodologies are provided by U.S. Patent 
No. 4,237,224, specifically incorporated herein by reference in its entirety. 

A number of template dependent processes are available to amplify the target 
sequences of interest present in a sample. One of the best known amplification 
methods is the polymerase chain reaction (PCR™) which is described in detail in U.S. 

20 Patent Nos. 4,683, 1 95, 4,683,202 and 4,800, 1 59, each of which is incorporated herein 
by reference in its entirety. Briefly, in PCR™, two primer sequences are prepared 
which are complementary to regions on opposite complementary strands of the target 
sequence. An excess of deoxynucleoside triphosphates are added to a reaction 
mixture along with a DNA polymerase (e.g., Taq polymerase). If the target sequence 

25 is present in a sample, the primers will bind to the target and the polymerase will 
cause the primers to be extended along the target sequence by adding on nucleotides. 
By raising and lowering the temperature of the reaction mixture, the extended primers 
will dissociate from the target to form reaction products and excess primers will bind 
to the target and to the reaction products. The process is then repeated. Preferably a 

30 reverse transcriptase PCR™ amplification procedure may be performed in order to 
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qua n ti <y the of »*— cto 

- — - - - - — rr ; 

, ■ u P,t Annl Publ No. 320,308, incorporated herein by 
t pin disclosed in Eur. Pat. Appi- r uov. w 

_ compl ementary probe pairs are prepared, and » 

pairs - link <o ton. a ** unit By 35 " ** . fcr 

reference in its entity, describes an alternative method of ampl.fi 

U,.,— ^^^^ pub , No pcT „80, 
Qbeta Rephcase, described ,n tad. Pat Appl. P 

• crated herein by reference in Us entirety, may also be nsed as 
incorporated herein oy rep Ucative sequence 

„ amplified mediod ,n the present invention nr«h ^ 

ofRNAwhichhasareaioncomplem.nrarytefiu.ofaterget a 

me presence of an RNA polymemse. The p*«- - copy -he rephcahve 

20 ^ oaed ,0 achieve me —on of ^ - 
aacleotide S'-la-teiomnphosphates in one sfiund of a res— 

instated heroin by reference in U M may a,so be 

^^^-^:^^ m ^ M aM on, 
Strand Displacement Amplification (SDA) is ano 

ChamReactto ( , , reg , on 

3„ bal are presen, The other two bases c. be added as bionnylated denvanves 
easy detection. A similar approach is used in SDA. 
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SUI. odrer ampUf.ca.ion medrods described in Orea. Britain Pa>. AppL No. 2 
202 328, and in in,.. Pat Appl. Pub.. No. PCT/US8,/0.»2 5 , eacU of wUrcfi* 

Lrporufcd nerein b, — * * — " " ^ ^ 

^ ipvenuon. ,n One fonner appUcafion, "modified" primers ace nsed ^aPCR 
5 L temp.a.e and enzyme dependent syndesis. Tbe pnme* may be modrfied 
X 1 a capuare moiety <e,.. bioiin, and/or a de.ec.oc moiety (e.g en^ 
b *. .ader appUcafion, an excess of iabefed probes ace added .0 a samp • 

presence of me ^ sequel - « - ^ 
cleavage, me targc, se q uenee is released intact .0 be bound by excess probe. Cleavage 
10 of me labeled probe signals me presence of the target sequence. 

Odrer nucleoid ampUficarion procedures include uanscnprron-base 
agendo, sysrems CJAS) (In... Pat. App,. P* * WO W 0 3 .5, inched 
JL by reference in its «n*«y), including nucleic-acrd sequence b-d 
^W. (NASBA) and 3SR. in NASBA, me nucleic-acids can be pmparrf fo 
15 ZufCion by standard pbenoU— n exdacdon, beat den.Una.mn of 
Jple, treatment widr lysis buffer and minispin columns for .soiarron of DNA «* 
Zl or guanidinium cbloride enaction of KNA. TUese «*-*- 
Z~ leaUng a pnmer whicb Uas crys*, prorein-specific sequences. ~ 

20 DNA mo.ec.des are bear dena«red again. In eirber case dre amgie sdand* DNA . 
made fuUy doub.e branded by addiUon of second crys*, prorem-specrfie pnmer. 
^ly polymeria, ^double s u^ed ONA molecmes are ,Uen m..* 
bribed by a polymerase sueb as T7 or SP6. In an isodrermal cycUe reacdon, dre 

25 vrid, a p*— . -* as T7 or SP, Tbe re-ing producrs, wbedrer rruncared or 
complete, indicare crystal protein-speeific sequences. 

Eur Pa. App.. W No. 329,822, incorporated berein by reference » » 
m dre,y disclose a nucleic-acid amplification process invo.ving cyclrcaUy 

3*. — - ( -~ **— : dna 

,0 doubled DNA (dsDNA), wUicb may be used in accordance »* dre ^ 
tendon. Tbe ssRNA is a » template for a firs, primer oligonucleoude, whrch , 
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t ^riotase (RNA-dependent DNA polymerase). The RNA is 
elongated by reverse transcnptase (RN P ribonuc iease H 

Tan RNA polymerase I— «— ^ W T7 
sequences of an RNA polyra pnmer is then extended by DNA polymerase 

„ its homology .0 ns template. Tins prune 

, 0 j Kv >he lame "Klenow" fragmenr of E coli UNA potyme 
(exemplified by the large Kt ^ ^ 

nm CdsDNA") molecule, having a sequence 
as a double-stranded DNA ( dsDN ^ ^ ^ § 

• • oi ptsIA between the pnmers and navmg ^ 
" - ^ Z r P romo,er sequence can he used by the appropriate RNA 
„ pmmorer sequent. Tta : * ^ ^ _ ^ ^ 

T, 1 Z sl 1 hficafion. Wlm proper choice of enzymes, fins 
„ cycl. leadmg -our addinon of enzymes a, each cycle. 

" ""^""^0 — meorporatedhereinbymf^ 

— - ' *-rrjZZl XhLlsnor cyclic,,. 

20 new remplatea are no. produced from <he 

^fiction m«hods include "RACE" (firohman, 1990) and 
I0891whicharer.ell-knowntothoseofskillintheart. 

^ havn. fc sequence of ~£ JTb 

the present invention. 

Modificafion an4 changes ma, be made '» ~ ^ 
pre se„, invenfio. and DNA segments which encode rhcm and 
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molecule that encodes a protein or peptide with desirable characteristics. The 
following is a discussion based upon changing the amino acids of a protein to create 
an equivalent, or even an improved, second-generation molecule. The amino acid 
changes may be achieved by changing the codons of the DNA sequence, according to 
the codons listed in Table 3. 

Table 3 
Table of Codons 



Amino Acids 



Codons 



Alanine 


Ala 


A 


GCA 


GCC 


GCG 


GCU 






Cysteine 


Cys 


C 


UGC 


UGU 










Aspartic acid 


Asp 


D 


GAC 


GAU 










Glutamic acid 


Glu 


E 


GAA 


GAG 










Phenylalanine 


Phe 


F 


UUC 


UUU 










Glycine 


Gly 


G 


GGA 


GGC 


GGG 


GGU 






T T* x* J" 

Histidine 


His 


H 


CAC 


CAU 












lie 


T 
1 


A I I A 


a t if 


A T TT T 
AUU 








Lysine 


Lys 


K 


AAA 


AAG 










Leucine 


Leu 


L 


UUA 


UUG 


CUA 


cue 


CUG 


CUU 


Methionine 


Met 


M 


AUG 












Asparagine 


Asn 


N 


AAC 


AAU 










Proline 


Pro 


P 


CCA 


ccc 


CCG 


ecu 






Glutamine 


Gin 


Q 


CAA 


CAG 










Arginine 


Arg 


R 


AGA 


AGG 


CGA 


CGC 


CGG 


CGU 


Serine 


Ser 


S 


AGC 


AGU 


UCA 


UCC 


UCG 


UCU 


Threonine 


Thr 


T 


ACA 


ACC 


ACG 


ACU 






Valine 


Val 


V 


GUA 


GUC 


GUG 


GUU 






Tryptophan 


Trp 


W 


UGG 












Tyrosine 


Tyr 


Y 


UAC 


UAU 











For example, certain amino acids may be substituted for other amino acids in a 
10 protein structure without appreciable loss of interactive binding capacity with 
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, . .. „ re2ions of antibodies or binding sites on substrate 
molecules. Since u is uic c ^ mipnre substitutions can 

„ made U, a ^ " „ „ ^ rf by the 

.4 oevertheiess obrain a (M- «* „ isclosed 

aomposirions, or corresponding DNA series wh.ch eneode sat p P 

. jr.* 8 - - — -~ 

^ve M - ■ P— » - f « the „, a tive 

^e, — * « , ^ Latere o.the 

riTj; — — — — — 

u t<,r; c tir<; .Kvte and Doolittle, 1982), tnese m 
is „le U cme( + 4.5) > va| 1 n=( ), ^ ( . 

„.*>; rryprophan (-0.9); ^ HA .«*- < ' and ine 

3.5); ghrtamine (-3.5); aspartate (-3.5); aspartrgrne (-3.5), Ivan ( 

H ' 5 '' ■ v i„ the art rha, certain amino acids may be substirnred by orher 
It is known m the art mar 

- '~ ";r e es Jl«on of amino acids whose Hydropathic 

„ „ is „)so understood rn me art • ^ 

ma de affectively on me basis ******* «■ S ' Pa " * 



15 

and the like 
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, states that the greatest local average hydrophilicity of a protein, as 
herein by reference, states that the gr 

governed by the hydrophilicity of its adjacent ammo acids, correlates 
* *— " <+3 '° '•, " 5 * V alanine (-0.5); hisndine H>.5>; CSfcine (- 

(0); T'o^- " 

1.0); methiomne (-13), valine v >> 

2,3); phenylalanine (-2.5); tryptophan (-3.4). a 
similar hydrophiliohy value and stdl obtain 

^ an ^ -~ * L which »e 

^no^^ny^'—™ ^ ^^orep— 
^n *. are paricuM, preferred, and those wtrhm ±0.5 are even 

" PKfen t oodined above, an.no acid subnotions are *— —J 

, •» of the amino acid side-chain subsntuents, for example, then 
me relative sumlanty of the amino ac F « mDlOT substitudons 

^phobiclty, hydrophilicity, charse, s i2 e, and theU^B ^ 

vano.ofme «~~J"hTS-- - — 
f cWll in the art and include: arginine and lysme, giuuu 
20 to those of skill in the an an ^i ine leucine and isoleucine. 

serine and threonine; glutamine and asparagme; and valine, 

x 13 Additional Aspects of the Present Invention 

. ♦ »u» RR1C of the present invention may oe um=" 
25 contemplate that the BBIC ottnep residing in areas like 

• i. «v metals or other chemical or biological agents residing in 
explosives, heavy-metals, or omc p lir thermore the BBIC 

3 „ biomedical —on. The BBIC of the present - 7 

sespond ,o the absence or low abundance of test chemrcals, a.,, 
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j the BB1C of the present invention may be used to detect 

f the BBIC is capable of detecting the presence or absence 

5 urn 

reporter gene. contemplate additional 

Resides those described in detail herein, ui 

• the BBICs of the present invention. They may be powered 

. , ft™, ait flow etc.), chemical energy, or thermal energy, in 
10 (vibration, water flow, air now, e „„, l>v the sensing organism or 

embodiments of .he present invention, me Ugh, generated by the sensmg 

^d maybe usedto power -BBC ^ 
The inventors contemplate that the BBICs 01 me P 

. RF or on-chip light-emitting device) or alternatively, 
r^mit bv wireless means (e.g., RF or on cnip ugi 

readout by wirei including resistance, 

« - — ™ tT Tne BBlCls o^me present invention ma, also be 
canacitance, and inductance, etc.). The BBICs 01 me p 

1^ in bipolar silicon, silioon-getmanium, GaAs, InP or other —or 
^e lighfemimng agen. of the present invendon may be biological or 

or phosphorescence. The inventors iui j^thMCat 
'beplacedonmefCatdtetimeofmanufaemre or selected and placed on *e IC 

o, use. in other embodiment, of me present invention, me inventor 
irplate BBICs coning arrays of lighting agen. 

f Haht-detection devices. With the addition of signal processing 

E£ -ad of an mdividu, ehemical. Addtdonally, dte BB,C S „ 
w of ligh.-emimng elements with different emission wavelen^hs M. 

eaoLratedpboto-apecnonte^. For example, by measuring the spectra of 
comprise an integrated pno p chem icals 
30 the emitted light this embodiment may be used to detect numb 
simultaneously or sequentially, instead of detecting a single chemical. 
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A number of methods of packaging the BBICs of the present invention may be 
envisioned. Generally, the type of packaging chosen may reflect the predicted 
environment to which the BBIC would be subjected. Such environments may 
include, but are not limited to, aqueous, gaseous, or solid environments. For example, 
5 the inventors contemplate a BBIC encased in concrete near a rebar to detect corrosion. 
In another embodiment, the inventors contemplate packaging the BBIC in a manner 
that may allow in vivo measurements for biomedical application (e.g., detecting 
disease, sensing a patient's condition, etc.). Generally, the BBIC would be packaged 
in a semi-permeable membrane that would permit the particular fluid being examined 

10 (e.g., blood) to pass, while substances which would harm or interfere with the BBIC 
(e.g., a animal host defense mechanism) would be blocked. 

In certain embodiments, the light-emitting agent of the present invention may 
comprise a multicellular organism (e.g., an insect). It is well-known that larger 
organisms such as insects can be genetically engineered to bioluminesce in the 

15 presence of targeted substances. In such cases, the IC portion of the BBIC may be 
attached to an insect in such a way that the chip would detect the resulting 
bioluminesce. Such a system would be mobile, since the insect itself is mobile and 
unaffected by the presence of the attached BBIC. One such example of this 
application of the apparatus disclosed herein is illustrated in FIG. 33. The inventors 

20 further contemplate that when the light-emitting agent is a multicellular organism, the 
BBIC may be self-propelling and/or self-powering. 

The inventors contemplate a BBIC comprising global position sensing that 
may allow the BBIC to sense location as well as the presence or absence of a certain 
compound or biological agent. 

25 The inventors contemplate an array of BBICs connected in a wired or wireless 

distributed network to form an artificially intelligent sensing network. This array of 
BBICs may comprise on-chip processing capability on each BBIC. 

BBICs could be distributed over a wide area, yet wirelessly connected together 
as shown in FIG. 34. If each BBIC had on-chip signal processing capabilities (e.g., 

30 neural network processing), this distributed network would form an artificially 
intelligent sensor system. For example, consider a large network of BBICs deployed 
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over a large area where a toxic gas leak has occurred. As the gas cloud enters the area 
of the BBIC network useful information such as gas composition, speed, and drrecUon 
of the cloud could be determined hy the sensor network. If other information such as 
.ind conditions, terrain topology, temperature, etc., were available to the network, the 
5 network could make predictions of risks to human populations. 

5 o Examples 

The followiug - ■"*"" » emb °' i "° ent! 

a the M. ■< should he appeared hy .hose of *M in dre an .ha, .he 
„ techniques drsclosed in 0« examples which follow present rechniques discovered b, 
*, invent .o taction well in <he practice of the invention, and drus can be 
eonsidered .o constirum preferred modes for «s pmctice. However, tirose of sk.1. ur 
«. an should, in Ugh, of .he present disclosure, appreciate tira. man, changes can be 
m ade in tire spec* embodimems which are diseased and stiU obtain a hire or srmtiar 
15 result wittaout departing from tire spirit and scope of the invention. 

5 .! Example 1 — A Modified Mini-tn5 System for Chromosomally- 
Introduced tr/x Reporters 
Tbis example describes a cloning plasmid which allows .mens .0 be 
20 directional* cloned into a mmi-Tu5 uansposon vector. Such vectors are useful for 
preparing tire bioreponer constiuCs useful in me me,bods of me presen, mvenuon. 
AS arr exempt embodimeu,, a ^ talon was constiucted and intioduced .n o 
P-* Fl to oxamine tiae induction of tire « operon when exposed ,0 
BTEX compounds and aqueous solutions of JM jot fuel constituents. Smce tins 
25 « contains me complete te oassetie (hrxCDABE), bacterial bioluminescence can 
be me^ed in whole ells witirou, the need .o add an aldehyde subs,ra,e. Tire 
resuUan, strain was also evaluated for its srabitity and fimess compel ,0 the w„d 



type strain F 1. 
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5.1.1 materials and Methods 

511 1 ORGANISMS AND CULTURE CONDITIONS 

j- ow,™ in Table 4 All cultures were grown at 
Strains used in these studies are shown in Table 4. ah 

28°C except for E. coli strains, which were grown at 37°C. 

5 

5U2 DNA ISOLATION AND MANIPULATION 

' " ' Larg e scale plasmid DNA isolation was accomplished using a modified 
valine lysis protocol (Promega, 1992, Chromosomal DNA was prepare, 
protoC ol outlined hy Ausuhel . a, (1989, All DNA prep— re fm*er 
10 purified by CsCl EtBr ultracentrimgation (Sambroolc et al, 1989, DNA 
LTLtil and restriction endonuclease digestions were performed as outlined in 

Sambrookero/. (1989). 

5113 CLONING AND TRANSPOSON CONSTRUCTION 

15 ' " The rransposon « — — "*« 

— Two 5 ^oUgon«c to «es, 5 -d 

3. 1 respecr ,o ft. kanamycin gene <Km") » F«l- (— S- 

Dieg o, CA, were seized using a Beckman Oiigo ,000 DNA synrh^ 0* 
J CA) Mowing ^ manures proloco,. Base subslruuons we. made 
2 „ ^ L . - O insertion sconces as we U as unique « and » - 

L h„ for Coning. An fcoRl she and a « aire we. added . me end o 
^ „U onuCeoride, redely, «o a„ow Coning of — - >** 
^ vecor PUT (Hertero « »/., .990). Th. sequence and base changes can be 
seen in FIG. .0. The prime, were used .0 amplify me hnnamycin resrsrance gene 

n/ , DTM (Vinn pt „/ 1991 ) using the manufacturer s 
25 from pCRII™ using Touchdown PCR™ (Don et al, 1»U 

,1 ^^^;tir.n<:- 94°C initial denaturation, 5 min, 
protocol with the following thermocycler conditions. 94 Cimtia 

5 cycles at 94*C for 1 min, 72°C annealing for 1 min, 72'C extension for 2 mm; the 

a s°r Pverv 5 cvcles until 42°C at which 8 cycles 
annealing temperature was lowered 5 C every 5 cycles un 

1 1 foiled b, a fma, e*en,o„ of ,5 min a. TC The U kb produc, was 
30 Coned inro P C M » using a TA cloning hi. (.nvirrogen, San Diego, CA, accordmg ro 
L manufle* prorocnl. The result plaamid p UTK2 .0 _ - — 
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TnJKmA^ was sequenced to verify the incorporation of both the I and 0 insertion 
sequences. After confirmation, pUTK210 was cleaved with Nhel and EcoRl and gel- 
purified using agarose gel electrophoresis (Sambrook et aL, 1989). The purified mini- 
TniKmMf fragment was cloned into the Xbal-EcoJtt site of the mini-Tni delivery 
5 vector, pUT and electroporated into E. coli S 17-1 (Kpir), Electroporants with the 
proper inserts were selected on LB plates with 50 fig/ml kanamycin. DNA minipreps 
(Holmes et aL, 1981 ) were obtained and inserts were verified by cleavage with 
restriction endonucleases. 



10 (Stratagene, LaJolla CA) by cleaving with BssU II and religating to remove the 
multicloning site (MCS). Ligated DNA was transformed into DH5a and spread on 
LB plates supplemented with ampicillin (50 ^ig/ml) and X-gal (40 ^g/ml). 
Transformants without the MCS were white since they were incapable of <x- 
complementation. The resultant plasmid was named pBSMCS(-). Two 

15 oligonucleotides (a 47-mer and a 44-mer) with base substitutions were synthesized as 
previously described to regenerate the multicloning site and add the following 
restriction sites, Xbal ,Nhe\, Spel, and AvrlL The sequences and orientation of the 
added sites can be seen in FIG. 10. The new multicloning site was amplified from 
pBluescript II (KS) using the manufacturer's protocol with the following thermocycler 

20 conditions: 94°C initial denaturation 5 min; 38 cycles of denaturation at 94°C for 30 
sec, annealing at 42°C for 1 min, extension at 72°C for 30 s; and, final extension at 
72°C for 15 min. The amplified fragment was cleaved with BssHll, ligated into 
pBSMCS(-) and transformed into DH5ct™. Transformants were screened on LB agar 
with ampicillin (50 jig/1) and X-gal (40 |iig/ml). Blue colonies were selected since 

25 they indicated restored a-complementation. The construct was sequenced to confirm 
the base substitutions and integrity of the MCS. pLJST2 was generated by 
directionally-cloning the 0.77 kb Hindlll-HincU fragment containing the 5S ribosomal 
rrnB T{1 2 transcription terminator from pKK223-3 (Pharmacia, Piscataway, N J) into 
pLJS cleaved with HinAlll and Smal. The Notl-Avrll terminator fragment from 

30 pLJST2 was subsequently cloned into the Not\-Xba\ site of mini-Tn5Km/VX This 
allowed for the subsequent destruction of the Xbal site by heterologous ligation and 



The cloning vector, pLJS was constructed from pBluescript II (KS) 
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the regeneration of the Noil and Xba\ unique sites in mini-TnJKmAyf downstream of 
the terminator (pUTK211). Mini-Tn5Km/o</-/Hx (pUTK214) was generated by 
directionally cloning the 10.2 kb NotVXbal tod-lux fragment from pUC 18 Not tod- 
lux (Table 4) into the Notl-Xbal site of pUTK21 1. Both insert and vector DNA were 
5 purified by agarose gel electrophoresis and electrocution before cloning. All other 
plasmids and relevant constructs are described in Table 4. 



Table 4 



Plasmids 



Plasmid Relevant Genotype/Characteristics 



Reference 



pDTG5 1 4 pGem3Z with a 2.75 kb EcoRl-Smal fragment 



Menn, 1991 




pUCD6 1 5 Promoterless /mxCDABE cassette, oh pSa, oh 

pBR322, Ap R , Km R 
pKK223-3 Expression vector containing the 5S ribosomal 

terminator rrnB T,T 2 
pBSKS pBluescript IIKS + with multicloning site (MCS) 

Kpnl-Sacl, Ap R 
pBSMCS(-) pBluescript without the MCS (BssU U-BssH II 

fragment removed), Ap R 
pLJS pBSMCS(-) with added Xbal, Nhel y Avrll and 

Spel sites, Ap R 



Rogowsky, 



Pharmacia 



Stratagene 



1987 



PCTAJS98/25» 5 

-70- 



Table 4 -Continued 



Reference 



pLJS-Zux 
P LJST2 

pUC18M>. 

pUC 1 8 Not-lux 

pUCI8 Not- 
todlux 
pUT 

pCR™H 

pUTK209 

pUTK210 
pUTK211 

pUTK214 



Herrero, 1990 



pLJS containing the 1.8 toS^UCtoUod 
promoter fragment from pDTG514, Ap 
pLJS containing the 8.35 kb Kpnl-Pstl 

/uxCDABE cassette from pUCD61 5, Ap 

pLJS containing the 0.77 kb Hindm-Hinc II 

fragment from pKK223-3 cloned into Hin&lll- 

Smal site, Ap R 

Cloning vector containing multicloning site 
flanked by Notl sites, Ap R 
Contains the 8.35 kb Xbal-Pst I fragment from 
pLJS-/ux, Ap R 

Contains the 1 .8 kb Spel-Xhol fragment from 
pLJS- tod, Ap R 

5.2 kb cloning vector containing mob RP4, oh 
R6K and Tn5 tap lacking Notl sites, Ap R 
3.9 kb cloning vector for PCR™ products with 3' Invitrogen 
A overhangs, Ap R , Km R 

pCRTMfl containing mini-TnJKmAOr with unique 

R R 

Notl and Xbal sites, Ap , Km 

R R 

P UT containing mini-Tn5KmAOr, Ap , Km 
pUT/mini-Tn5KmT2 containing the 0.8 kb Notl- 
Avrll rrriB T,T 2 fragment, Ap R , Km R 
pUT/mini-TnJKmtod-.ux containing the 10.2 kb 
Notl- Xbal fragment from pUCl 8 Not-todlux, 



Herrero, 1990 



Ap R ,Km R 



5114 Electroporation 

E^ccompeten, cells were prepaid as ou.Ur.ed by the manufacrure, 

, San Diego, CA>. - »— — * ™ ** 
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, v 40 ul cells 1 ul ligation mixture, a 2.5 kV pulse for 

- - ~ :z it: i *. - - — 

about 4.7 ms using a 2 mm gap i a at 37°C (200 rpm) before 

suspended in LB (no . m<) and *m» - -covet for . h « 37 (20 rp 
pUdng on LB pia.es with doe appropriate antibiotic seUcbon. 

d J^nesis - — - - *■ ^ 

mimers for pCRIf™. Sequencing was performed using an Appi.ed B,osv S ,ems M 

10 373A (Foster City, CA). 

15 aponed onto LB plates and incubaUd at 25 C for 24 b ^ 
ft-*— Marion agar aupp.emen.ed - 50 pg/ml k -m 
subscuend, sub-cnmued » grid p.a.es and exposed - .966, 

u j m K.W were no™ in mineral sails media (MSM) (Stabler 
„h,cb produced hgh. were gro ^ ^ ^ , 

^reporters in liquid growing cell assays (Heitzer e. a/., 1992). 
c , i 7 conhrmationofTransposition 

5.1.1.7 conm DNA'DNA hybridization to venfy 

The selected strain was subjected to DNA.ujna y 

. ■ „ , 32 P labeled probe specific for 
25 position as opposed to ~^£^J^ * and 
theTnitransposase^conta.nedonpUT ***** , 

„ pDN A were loaded -'^^^^ .anufacture, 
Bioslot blot apparatus (Biorad, Hercules, CA ac^dmg 

, TU P Wot consisted of chromosomal DNA from Fl, 1VA» an 
protocol. The blot consiste was 
, mlc T u e dna was loaded in inpucdw oi 

30 rrrrir-- 
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previously described (Applegate et al, 1997). 

ci 18 Stability Assays . 

v. . h.Htv assays were performed by transferring 1 ml of a 100 ml 
5 Batch stability assays were p 

nn IR with 50 ug/ml kanamycin (Km 50 ) to a 
overnight culture grown on LB wrth w 

m i n f culture was transferred evciy u } 
curves. One ml ot curnu performed in 

^ "Icoionres were sobbed to coiony h,brid«o„ using 

MMcUionofftetransnoson. Colonies we 

a295V ^DNAprob=(Johns»n,1996). ,Kino a New Brunswick Bio 

Stobility was also assayed in eonunuous eulture usmg a New B 

Edison N) win. » 370 mi vessel operared a, 28°C a. 180 rpm. The 

^ T n *Z * was ac-nrplrshed b y si— adding ioluene 
flow rate of 1.0 ml/mm. ndMSMata fl o „ raK of0.8mlam m 
^-MSMataflowraie fO. 2- - _ „ 

20 28 " C h ~' " ell was operared f o, ,4 days «P— » 

Weabwy, NV). The o _ bioluminescmce and opto, denary was 

about 100 generanons. Monrtonng 

„erfonned daily. Cefls Sons the ehentosra. wete also ptattd eve* 
hyb ridiza,ions were perfonned as described previously. 

25 

5 ,.„ G »OW™CbKWS ^ ^ , 00 

Gro wtH oorves of ™ - ' to250 flasks. 

^^wntoanODS.of i.Oh. >00 
Cultures were started from a fresh A 
, i • 1 nn ml MSM and resuspenaea in iw 

30 
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- „ - 200 rpm « WC and sampled approximarely everv how. The 0 Ds46 was 
shaken at 2UU rpm <u ^ j^:*™ were determined 

— to, each culture and ra.es of uroreasu .» opftca. dens,* were 

from rhe linear portion of (he curves. 

-nTizrsZ'^- 

Frleumever flask containing 100 mL LB witn ^ w 

brleumeyc. n» /vfP(T> erown to an OD 546 ot 

0 ^5-0 45 and assayed every mm. f 

h „™ to provide a cnnsisren, light respond which maxrmraed the signal 
10 hours was shown to proviac a expressed as 

After 2 hows, the flnai OD» was measumd and values are exp 

specific bioluminescence (namp/OD 546 )- 

51111 Test Sample preparation 

. Hon of JP-4 iet fuel constituents was prepared by adding JP 4 
1 c An aaueous solution ot Jr-^ jei iuci 

15 • itolOietfueltowaterratio. The solution were shaken 

to sterile deionized water in a 1 to 10 jet fuel 

onarotaryshakerfor^hours. 

ad ded to test vials. Test solutions of toluene, benzene, ethylbenzene, p 
isomers of xylene were prepared as above. 

20 

£l11 , Bioluminescence Measurements 

JTl were placed in a lights b- - * ■* — 

■„ J, pipe and an One, phoromuUiplier and digital display 
measured using a liquid light pipe sno an h 

WOT measwed as above with the exception ma, the hght-ttgh, box was 
Wdacuvette allowing for light measurement after OD readings. 
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5.1.2 Results 

* 1 *> i strain Construction 

O JL sauces identical ,0 dre ^ „, we. - 

^^J^^^MCSanda.-en^^we^-. 

(ML-s;. »e 4 a . CO mplementation. A 

tkp r^nhant cloning vector also maintained the ability F 

,t for their ability to produce biolummescence 
Ft and resultant mutants were screened for their ability p 

\ sed to toluene Fourteen strains were evaluated for their ability to grow on 

when exposed to toluene, rouxv n min was 

l5 Mlu e„e MSM and n^bee 8 was ehosen and desired TVA8. Tr* — 

Lined ,o conir„n dra, i, was a reaur, of a —on — - " ^ 
ISnanon even,. DNAiDNA showed *a, TV A8 eon^ * 

genes bu, did no, show hvbrrdizadon wi,h ., Bio, hybrrdraed w«h * w«ere 
wrd, -C -o veri* - DNA was p.sen, The ne g adve „ resol, 
20 confirmed that transposition had occurred. 

Stability of TV A8 

taF1 Reared, be s,ab,e. P,a,e co mB & on, salecdve W and non-ael^v 
„ d LTb, we. spared ,o determine whedrer to a— — was be,n 8 

^ — w it hou, an** selecion, one saleonve pla* «- 
app—y fve percen, lower ,han dre non-selecrive pl.,e «- * 

^ies with «,laene vapor supplied as sole carbon source, TVA8 
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1 ♦ ^ The *elective:non-selective piate 
M when subject . the same — . ,The * - ^ 

moo - U2.0. ,3 - 5 dai, - ^» ^ continums 

.fcetaA probe. Stnular reswore observed for TVA.S «* 7 

was 1.05±0. .3 and a« colonies from selective and „on-se.ec.,ve pla^s 
positive. 

TOIUENE, BTEX COMPOUNDS AND JP-4 J" FUEL 

M i Ise Jbioh— -P- * — 
waa ob^ae «, .3). * bio— e response to — 

. e 5,0 20 mg/L was lines, with specific KM— 'aloes of 133 
over die range, 5 to 20 mgft. Iicht „„ nse for concentrations above 20 

_/nn The fold ncrease in light response ror e 
,„228nan.p/OD s4s . The biolum jne S cence 

15 „^ was less, showing 290 •» 

™™ showed a Michaelis-Menten (enzyme kinetics) P 
response enrve showea waJ 
sanation al higher inducer concentranons. The tolnen 

determined to be less than 50 pg/1. ^pounds as 

TVA8 was examined for its bioluminescence response to BTEX comp 

. M, JP 4 iet fuel component. There was a significant 
20 we,, as pheno, and water-soluble *4£* ^ _ ^ ^ ^ 

Hgh. response ,0 benzene, ► and p-xylenes, ph ^ 

^ teZ res^: ,0 « was « grearer man me addhive 
25 T. components ( , BT.X compounds, presen, a, « 

wucdon r - * - - * - — • *■ 

^ponse was ^ were significanl , y ,eas man ,he other 

cfl denstttes for the emylbenzen ^ ^ 

that 50 rog/L ethylbenzene would induce the bioiu 



• 



WO 99/27351 PCT/US98/25295 

-76- 

period when cells were previously grown on ethylbenzene and then subjected to 
growing cell assays. 

Table 5 

5 Effect of BTEX, Phenol and JP-4 Constituents on the 

BlOLUMINESCENCE RESPONSE OF TVA8 



Treatment 3 


Exposure Time 


Specific Bioluminescence (namp/OD) b 




(hours) 




Buffer (Control) 


2 


0.2 ±0.1 


Toluene 


2 


291 ±6 


Benzene 


2 


242 ±9 
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10 



15 



20 



Final concentration for BTEX ana pne Mrcen tage of 

padded asahydrooarton- ^MSM— -**-P— • 
rotable IP-A constituents was approximately 2%. 

v, eren ormaltol to the final cell density (OD*). hlmwate 
study. 

W,TH F1 n «n tnhiene vapor are shown 

curves * TV AS and the parent sararn, F. on 
tan O,4. Theenevesshows^shapeswl.di^ntla^ ^ ™TV 

wfe h can he — - «* ~ — ^ ^ 

^pnred fion, fine slopes of the linear porno of the gro 

The average rate of increase hr opfica, density for 1 and T V - 

0.3 nrin' . .0 ', respecuvely, vvere no. **- ^ 

u v i .ninescence reactions do not appear to affect cell gro 
demonstrate that the bioluminescence reac ^ fa 

„«> nf TVA8 was measured during growth on un 
BiolummescenceofTVAS bioluminesce nce plots show a 

shownalong Wiethe cell density d.tainFIG.15.Ueb 

simi lar trend to the TVA8 growth curve, although, they are 
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■ The M oh shows to. tore is a definite eonehfion between an increase in 
^antehmitenforoxygen.suWngindec^nic^inescencev^e, 
„, AD V^O K 0 FT H E CHKO M 0 S OM^V, N S» re »^XSVS ra M 

We majority of biolumtoscen, mporre, cunendy being used am to m su , 
Coning a promoter in fion, of to promotes, gene cassene - pUC«.5 

t ILng to p^a constmc, in. to strum wmch contained * -~-» 
p[ omo,e, P^id-based systems have obvious — - . *• - £ 
L— seiecfive pressum » ensure plasmid maimenance as observed b» - - 
im) Another inrporran, consideration is to, of p,asmid cop, nnnrber. .fto 

cU of to promoter binding region for to regufatory protetn on to 
^ Jpete with to binding site on to chromosome iess 
, TZ L — (Lan . a,., 1 «. neganve elfec, is import when 
usingtefnsionsforon-lincmonitoringofbactcrialproccsses. 

Motor ara^ used in to construct of bio.uminescen, report * to 
use of to ta nansposon T*«l (Shaw e, * 1*4 The desired reporter — - 

, u inducer as in the case of the nah-lux reporter HK44 (King et 

c\ addition of the specific inducer as in mc ^ 

0 TZ However, a problem with creating a lux fusion by transposon insertion is 
to to palhway in which ms^ion occurs is ,ua„y « *. » 
„K44 to *- insenion disrupred naHG (salicylate and therefore to 

l»Sar able to mediate to comp,e,e degmdation of naphtolene « to 
25 7^ always (King .*..«* Menu «9W 

^ ^otor arain able ,o compete to metaboUsm of naphtolene. Due to 
concerns researchers have shifts using transposon de.ivery systems, 
concerns, ic^ Hp liverv svstem wh ch consisted 

Herrero et al. (1990) constructed a mmi-Tn5 delivery system 

with unimie Aforl and Sfi\ restriction sites and a puc 
in nf a mini-Tni transposon with unique noa » ; 

30 of a mini 1 P ^ multlclomng 

derivative containing either of these two n»i 
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siB The «p— - provided in « .0 ptovide aabUHy in the M — 
1 approach involved »W« -he Levant inset, into the pattC* P"C 

1 sunn, of inte.s,. One — to this sysKm is - » - «— » ** - 
5 J -d « either of - »o enzymes en, within - _ DNA,, tentative 

^Igies nave to he pursued. Pinthennore, 1, may be dfflen,, ,o n„n-d.tec,o„,l, 
clone a large DNA fragment such as greater than 12 kbp. 

The svsten, described herein is a modification of mat described previously. 
^ mm,T„5 system conned in mis study is based on me nse of five enzymes 

2 'and i. aires which allow direction, cloning of inse* , nega^ng 
location of me vector DNA. * fin, version of the ^ — 
pUTK2 , 1 ,30 con^ns a sfrong ,-scripfion .erminator 5' to the nnrnue clomng « 

0 that mete is no ^-through —on from a gene m which me 

15 Iposonhasbeeninserted. The clomng vector pUS osed in Conxion v^mrm 
T„jLnX,1ows fire utihzadon of a targe region of .he nwmdonmg s,« flawed by 

I If dr^is a « site in the fragmen, to he cloned, the » site can be used for 
2 „ „ (6-base sequences win, me exception o, M which recogmaes . M- 

,1 *M and Spa, since ,1 of these enzymes have fire same f overtang, CTAa 
This system ,so *- me assemb!y of latger in^rts as seen by me clonmg o f .he 
^pfi on — destroying the W site b, heteto.ogous cloning using 
25 me reln, cloning step ,so regenemled fire „tn,ue site. One - - *. 
„e,ero,ogous cloning sfrategy of desfroying and regeneration of me unique «- 
. assemble different DNA fragment for the desfred conduct. Using thrs sys«m^ 
TVAS, a ch—lly-oded ^ bioluminesoen. teporter was 

30 "Tm was capable of growing on miner, - media wim toluene or 
succinate demonstrating mat me tmnsposon msertion did no. disrupt a gene neenssaty 
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„ growth Thia is a crucial check that muat be p«fon»ed ,o ascerui,, the o«all 
sbain before .brtber — . Furthermore, TVAS aid no, show ,oss 

■ 2 selective pressure is no. necessary for Ore integrity tf ft. arrain. * arabrhty 

JL *e use of .bis bioreporfcr ft. si* Tbe shah, also was compared «o * — 

ILbo.ro drain on Ore eel,, aa we,. - if Ure sue of bunsposttton was ab.nd.noe 
„ Growth of TVAS and Fl on rohrene vapor snowed - .here was no 

^™^ M T^* a detection Urn* *.ow 50 „ 
The .0£/-/t« reporter is quite sensitive wiin a u 

toluene/L The b,o,uminescence va,ue a, Una con— waa 8 0-fo,d .rearer riaan 

> TVASw^abown. 

nifor ,oar,„*,ng — « - — — - — 

Sianifrcan.lighrlevelawereobservedforverylowopuealde^rr.esfflOlS). 

" AS nrav be deaortbed as a generabzed BTEX bioreporter rarber than sm,p,y 
. .omene bioreporier ah.ee i. was responsive ,o benznne, ethy.benzene and nr- and p- 
e as we,, Since aU of rbese conrponnds induce me «— ~~ 
may be used as a bioreporter for W i« M —don or presence of » 

v . • . RTEX compounds. The attain may be used for on-Une 
fuel which contarns BTEX compounu 

monitoring of TCE cometaboUsm since the ft. and - operons are und r the sam 

ZJ. - - — - tce - t: 

Je and non-desttuctive an*ses of gene expression as we,, aa deteotton of chem o , 
11- The development of stable ttanaposon inse rt ,on of reporter genes tnto 

w- -p- *• — ° f w fOT " "~ 
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30 gene expression. 
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5Z EXAM-LE2 - P. PVTIDA B2: A 7VM>-£.0rBIOLUMlNESCENT REPORTER 

fon Toluene and twchloroethylene Co-Metabolism 

The environmental fate and bioremediation po.en.ia! of trichloroedtylene 
fTCE) have received eon.ide.ble adendon due .o its extensive producdon, use 
5 Li .987) and occurence as a groundwater priority pollutant of «-« and 
wienie concern <Oeiger and Molner-Kubica. ,977 ; Pemm, «U «- an 
„77.VanDu re uandBane rf ee, 1 976 ; Wesuic t e,a,., 1 9S4,. Bae^al 

is c0 . met abo»c in « TCH is no. used as a carton sourca but ,s fc— 
„ deeded. Due to ft. potenrial paction of oanrinogenic vinyl ch,ond duo g 
Irobic de^ion (MaUoni and Lefemine, ,974), much „, * — *- on 
Z biodeglion has been on aerobic, ^— ™ 
(Neison « A .988; OWenbuis e, at., .989). Subside. mfonnaUon bas b« 
Loped on monooxygenase.media.ed - TCE ,0.denbn, S a, * 

, s ,,8,, Lted «, a,., .989) with parte* emphasts on the methane monooxygenases 
and a variety of toluene monooxygenases. 

Toluene degcadadon occurs * embolic pathways «--. « 

j 0 1009. Wackett and Gibson, 198a;- lIlc 

1991; Shields and Reagm, 1992, wacneu <u 

» dioxygenase ^OOU confined in P-* « " - 

transforming TCE (Zylstra a, a/., 1989). 

Cental .0 the use and further development of aerobtc cc-meutbohc 
.ioren.edia.ion is the ability .0 monitor, condo, and oprimiae such biodegradanve 
passes. One such sdaregy has been rhe development of btolummescen, 

T, use of to-reponer sys,ems in the soady of dte on,ine — ° ^ 
a^dadonbasbeenwelldocumonred^re,.,., ,995;^^. .99 ) Th«e 
syslems have also boon use, „ assess .be bioavailability of pollutants .0 

catabolic onanisms (Hoioare/ol, 1992; King e,aL, 1990. 

Tbisexan,p,ed K crib«n,econsunc„ouof te b,o re por,ers f or m o ra ,on„gand 

op.^gd.eco—coxida.ionofH— chasTCE. Eor dris purpo* the 
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tod system contained in P. putida Fl was chosen to develop a tod-lux gene fusion to 
monitor the expression of toluene dioxygenase. 



5.2.1 Materials and Methods 

5 5.2.1.1 Strain Construction 

The strains and plasmids used in this example are shown in Table 6. 
Escherichia coli was grown in Luria-Bertani (LB) broth and on LB agar plates at 
37°C. Pseudomonas putida Fl was grown on yeast extract-peptone-glucose (YEPG) 
medium consisting of 0.2 g yeast extract, 2.0 g polypeptone, 1 .0 g D-glucose and 0.2 

10 g ammonium nitrate (pH 7.0) in 1 L of distilled water at 28°C. 







Table 6 








Strains and Plasmids 




Strain 


Plasmid 


Relevant Characteristic(s) 


Reference 


£.a>//JM109 


pDTG514 


pGem3Z witha2.75-kb 
EcoRl-Smal fragment from 
pDTG350 containing the tod 

(Sj 

promoter. Amp 


Menn, 1991; Menn et aL, 
1991 


E co/zHBlOl 


pUCD615 


Promoterless luxCDABE 
cassette, mob + Amp R , Km R 


Rogowsky etai, 1987 


P. putida Fl 


none 


Contains chromosomally- 
encoded tod operon for 
toluene degradation 


Wackett and Gibson, 1988 


P. putida B2 


pUTK30 


tod-lux reporter containing 
the tod promoter fragment 
inserted upstream of the 
promoterless luxCDABE 
cassette, Amp R , Km R 




£. coli DF1020 


pRK2013 


Helper plasmid, Amp , 
Km R , Tra + 


Figurski and Helsinki, 1979 
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Omtm chores of £ H JM1» =nd HB.O, harboring to appropriate 

T ,P„ m ena)992) The plasmid DN A was subjected to CsCl density gradient 

punftcaUon, followed by ( ^ ^ 

, i 98 9).PlasBidDNAwasresnspendedn,TEbnffer(l U _ Hgase 

u ' ^ stored a, « until used. Reaction endonueleases aod T4 DMA tigas 
1 11- ftom Obco BRL (O^utg, m ano usod aeoo^ » 
ufaeturera'protocols. Cloning techniques were performed as outhnedm Sambrooh 
manufacturers proto . nUTK j 0wl!1 gene ra.ed by cloning ore tod promoter 

,,al (1989). ThereporterplasmrdpUTK3t)wasgen 
„ n 1, 1 994.Wange,ol.,.995)f ro r»pDT05,4,Menn,.99.;Merare, O ,.,.991, 

L fron, of rhe ft. gene casse«e of pUCDo.5 (Rogowslty e, a,., 1987). * 
„ mo l is bedbydirec,ionallyc,oninga2.7 5 .Kb£coRl-ar. frogmen, from pDTOSH 
^ Z digest of PUCD615 (F.O. .6). Transformations wera perfonrred 

.Hparenul mating* were -*d - -M -J- « 



25 KH 2 PO. 



^emreesiramsweremixedu^^^^^ 

Kll suspension as ffltered uvougb a Teflon membrane (47 mM, 022 pm pore «> and 
cell suspcn&iwii w ocop +h<> filter was 

fc finer was placed on a LB plate. After overnight mcubuUon a, 28 C, the fine 

ed and wash* in 1 .5 ml 50 mM KH 2 PO, Serin, diludons were perfonned and 
30 Zl , X* on» I— — ^ — <*+ TZ 
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hght were seienc use m ^ 

wh ichemittedlight in response to toluene vapor, />. B2, was 

remaining studies. 

< BIOLUMINESCENCE ANALYSIS 

ta the batch and reactor studies, bioluminescence was measured -g a 

photomuttp^^ 
bioluminescenceasnampscurrentwasrecorded. 



10 



5.2.1.3 Batch Studies 



AsS a,s of growing cens were conduced as described by - - >JW 

M ovenngh. eoUure tan a frozen ^ of J-. ,*» B2 was prepaid . a 250-ml 

ZZ of « *. — * — * ; VT-" 

s^red wnh *. ie. foe, is appro**-, • *g * <** « * ' 981) ' 
Bi „ 1 umi„o S cencewa sm =a3n re devery30 mi n(Hei E e, e .« i .,l«2). 

Ce„ S for resung ee„ assays were grown on MSM ^ «* " » L 
I^weraaan^gedar.S^O.gfor.Ornin.andresns^inMSM.oO^ 
T. . fonr mffliiirers of ware addad ,0 eacb o f sis 26-nd viais - 

25 ^posores.wMiedre remainder were nsed for single expoauaas. 

Znedcaiiy^inaligbr-ighrsampiingca, ~— — « ^ 
Z ware addad . yiaid an OD» of 0.47, and ,0 nag L." roinana was 
Z over a period of rne mnidpie^re via.. At rhe same rime pornrs, a 
^Iposnre via, was peered wid, ,0 nrg L' romene. Tne lighr response - 

30 ZJ~, 3 * - ' P— " M ' " 3 aCqUiS "" 0n ^ 

(King era/., 1990). 
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» ™.ida B2 was encapsulated in algntate beads for the ,m 

CI cl were grown in 1 L LB to an ODs« of 1.2 and were centnfuged 

7 W 1 wled drree rimes in 0.9% NaC. and suspended in 40 ml 
5 « 5500 x g for 10 mm, waahe ^ ^ ^ g 

0 . WNacl . -"^x::^, 

L - ^ viscosdy alginate, 0.9/. Na 1)1 ^ ^ ^ ^ 

w planed in a 60-ml syringe, forced through g g 

, tv. .loinate was cross-linked by the ua iui , 
into a 0.5 M CaCt2 solunon. The alginate w rf 01 

„ encapsulating the C* The ce„s we. subsequently placed ,» fresh 

+•*>—**■ "~**ZZ The reactor measured 5.0 cm i.d. * 5.0 cm 

' " ^ ^ 2*L, can be found in Webb a, (.99.,. m 
,5 long. A comp.au deaonption of dusteaoto, MmtBttdm nO. 
. .- tinn a svstem was designed incorporanng the DVK as titu 

" wl ^PPed whh duee MUlipore (Bedford, MA, s K ,n.ess steel 

"■ * sysKm rrrr «» ». * feed *. — . — » *• 

sutem ,e —;^ ;21 n( M i ddle,o„, W I , 30. HPLC pumps. A flow 
rea0 o,inle,wascon«,..edby rivoFi s ^ d wid- 

20 „ of 0.4 tn. mm ' was n— ed The subs* vesK , scontaW 
oxygen to ptovtdedie system wid, an electron »cep.o,Al, m 

phosphate ions complex wtth C ^^^tce. toluene. Theirte. 
25 addidontodusmediud.^of^- 

concentration of roluene was ahered by nsing sq a 

..„ .. -a. ,„l„ me 10 h without toluene using an HPLC pump 
cycles (10 h with toluene, 10 Qyc\e 10 mg L*' toluene was introduced into the inlet 
timer. During feed portions of the cycle, lomg 
ot die^c.or.Thein.e.TCEconcenua«ionwascns«a. 2 OmgL . 
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e -> 1 <? TCE AND TOLUENE ANALYSIS 

, n .eng* and 0.4 cm inner diameter, ^ wrfh *- ** " 
column (12.5 cm lengm „ E seMiatioI , TCE was stripped with helium, the 

nmvide adequate surface area for TCE separation. i«- 

1 Thesmppingcoiuranouaetwasanachedtoagaschromatograph^, 
5 GC earner gas. The smppmgco 

Hewlen Packard (Wilmington, DE) (HP) 5890 Senes 11) 

actcctotWaheatedsamplelinemainraineda,,^. Automate .meet, nsO ^ 
_ by a compu.eri.ed connol process (HP Chem Stauon s»W The CC - 
• a •* . cross-linked methyl silicone capillary column (length 30 m, t.d. 

10 mm, 0.33-um nimuu^ , wf detect0 r temperature 

operattngparameters ta c,oded an mjechon temperature of 1 J 

of 200-C and a split ratio of 10: 1 . This sysutm was equipped warn a hypass 

" 2^2— (Columhia, MD) OCA gas craomatograph equippe, 

with a 2.44-m, 3.Z mm u tor 
detector. The isothermal temperature of the oven was 210 C, and 
and injector temperatures were 220°C. 
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5.2.2 RESULTS 

.Fir 1ST. The relationship was linear over this range. 

7_.„., - — 

namp, while at 100 ul added (approximately 0.2 mg/1 
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increased to 31 namp. The bioluminescence response for the 0.1 mg/1 toluene 
equivalent of jet fiiel was about 10 times that for 0.1 mg/1 toluene, so other 
components beside toluene appear to have affected bioluminescence. 

In resting cell assays, the bioluminescent response to single exposures of 
5 toluene was rapid and reproducible (FIG. 19). The initial injection to the multiple 
exposure vial showed the same characteristic light response as each single exposure 
vial. However, there was a slower response (the rate of increase in bioluminescence, 
H" 1 ) upon initial exposure to toluene compared with the response of cells previously 
exposed to toluene. In addition, the response rate increased with each exposure to 
10 toluene (Table 7). However, the maximum bioluminescent response for both the 
single and multiple exposures was the same at 573 ± 127 namp. 



Table 7 

Bioluminescent Response Rate (namp/hr) for Multiple and Single 
1 5 Exposures of 10 mg/l Toluene a 



Time Point 


Multiple Exposure Vial" 


Single Exposure Vials c 


1 


95 


ND 


2 


321 


137 


•> 
j 


642 


67 
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Table 7 -Continued 
Multiple Exposure Vial 

737 
973 




a Response rate is defined as rate 



of bioluminescence increase with time. 



» \ single vial, with multiple additions of toluene. 

5 point. 

ND, not done. 

S222 IMMOBILIZEDCELLREACTORSYSTEM 

The DVR system loaded with al gl nate-enca P sulated P. B2 was used t 

response r ^ response of 

concentration and removal of TCE. me 

• — - ;: r:, — — 

, ^ ta rateof34±0.8namp/hr. A direct correlation between 
reactor decreased at a rate ot i.n - r -o^nse 

»«A TCE degradation was observed. The maximum light response 

20 was _ ^ removal), while the 

heine introduced into the system was 16.5 ± 0.2 mg/i ^ 
being introau . (50 o /o ^oval). This represents a 

effluent toluene concentration was 5.8 ± 0.1 mg/i^ 

Ill, ^ showed sin* response to magndnde o 

" ' be c „ mpaK d due .os^vcra. differences between ^penmeatal 
25 bioluminescence cannot be comparcu u 

canons (i,„ sample agiradon, cell physiology, Kghr monironng). 
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10 



™ rrrr 

nonstop between h biolumme scen. response was 

mg/ , to assays of growmg cells. In ■**» 

^on, ,o «. of a conrple* e— ntell — ^ 

r.inte nf the bioluminescent response to jet ruei w« s 
However, uaenragrurude of the b ^^i***. WorR 

wuM be expected ifterespor^ was due sotelyte 
^ another bio,— shain has 

— r rr:s. — — u - 

cUs were nmtted <he aid y 

byporhesized that so,ve„,s perturb *e cel.* ^ ^ 

„ions of fatty acids ,0 .cease. S,„ce ^ ^ 
„di„ g aldehydes by .be * enzy.es, tncre^d » 

u Pven in cells with toluene as an intermittent sole car 
conditions as well. Even in cells more rapid 

—sr.-jz2~- 

n.aximnmbioluminescence remained constant 

, m nhilized P puftto B2 allowed on-line monitoring ot aegra 
25 Immobilized correlation between 

towards toluene and TCE in a DVR. The system S ^^J^ j^d^ldopcrons are under 

■nnter control bioluminescence indicated that the xoa P 
** ^ tTe l—liaed. Wore, rhere was a direct mechanic 
expressed, and TCE was co m c() . melabolism . ,„ to surdy, TCE did 

30 ^ladonberweenbiolunrteescence^TCEco -a ^ ? 

no, appear .0 induce the ,od operon m P. ■» <° «» 
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stmin (Heald and » ™- » show, that in the absence of toluene, 

TCE influent an, effluent con— were - *- - - 

bioluminescence increase. 

Exposure to TCE and/or to meusboli.es may be roxrc tmd may aftcc. 

5 ^daUve enzyme — . However, *. — * of H—- - 
repro ducible in success penurbauona of toluene even inure presence of TCE a 
„ Tbeseda.sbowedfl.^^rp^edanon-Unemeasu^en.of.^ 

el expression, and afso provided an indicaflon of potemial ioxic ^ s due » 
limrous TCE exposure. At 2 0 mgfl TCE, there did not appear to be an, » 
,„ eff ecs. This example demonsdared ma. mere is, disdnc, and reproduce mspon e 
,0 Ml ue„e under » variety of physiological conditions . - 

and immobilized cells). 

5 .3 Example 3 - K,net,csandResponseo F aP. fluoresce** 
biosensor 

PCycychc aromahc hydrocarbons (PAH) are persist en— a. 
I", natio „wide ma, ace high), —ted a, concensus greaKr man grams 

Ktogerot (1990) reported the constnrcuon of pUTK21 bytne P 
te ,„„ of me teCD ,B cassette and the »*0 gene whhin the arche*pa, NAH 
p,asmid pKAl (King « A .990). Bur.age « * (1990) also reported a srmrlar 
LJon. The — P-d PKA, from which pUTK, - 
25 organs in « operons, the naphthalene and salicylae o^na and medraKs * 

Tbe pUTK21 contains « paflrways, an upper pathway, whreh codes fo the 
degradadon of naphthalene ,0 saheylare (flre naphthalene operon) and a tower 
engineer* padrway, which codes fa Ore * pathway. Tne lower paflrway no ,0 
3 „ Ides for licyia* degradaflon as the nahG gene was disced b, mserrron of rh 
ZcOABE cassede. Both padrwaya of pUTK*. are conrrolled by promoters mduced 
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. « Hell 1990) T^e reporter bacterium, Pseudononas fluorescent HK44 

degradation of to compounds ^ 
Biomminescence .** * 
^strate (Ha^gs e, at., .985; Metghen, .988, 19 > 

^odmtetic — — — l^.*.-*** 

fc^-Kid product. Ught with 

p^ous smdies empmymg free HK44 mdma ^ 

15 ^ sttd concentration CH=- _ - ' ^ 
Ibis example describes the form and parang * y 

Poreuti, differences esis, in bacteria, P h»st„^ "~ ^ 

20 MM 7;VK tag «n-.,>990-,^« ol .,.99») The 

(B „,age « *. -990; H— — • >^ ^ ^ on . „gh,- 

HK44 biosensor described berem ma M- ^ ^ ^ ^ ^ . 
culminating device (*.*., fiber opt.o). U8eso fs»ch a sensor could 

roBta on,, M— -*^-T* * — -pound 
25 iudude (1) detection of plumes ^ - ^ pAH) „ 

— * * ^rrCClfionusP.Hconeennadons 
(2) mom.oringremed i anondnnng...ers^o ^ 

„ reduced. Provided are matnemaoca. demons of T 
JO (PBR)vvimalginate-immobUizedHK44. 
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531 MATHEMATICAL MODELS 

T »«^*«*»pl**-»-««»» t - „finunobft,aed 

M ,h. t «°» — °* * ^ ^ iirecuon - t r* 



5 to z + Az results in 



J/ 



S (c,K]„,- 6S i c n^/ es [- I> ^l,,- 6S [" A ^'L,.. 



(") 

Equation (.7) .duces ,o Equation (l«) by applying ft. mean value fteorem of 

,0 tategtal calcuius, dividing ftrough by Az and A taking W> - " - * go » * 
10 ^b^ fc rft B -o f n^ft^a r ,ft«su rfto a TO o f a S p tart ca 1 b M d,and 

the superficial velocity : 

v ac, +D £Q = ac, 2 {C( _ c p (is) 

Equation (1 8) can be made dimensionless by the following substitutions: 

c .c D)) =c pI ,c j c A = c„c,e,c D , =c v (19) 

Id) = z,r r T = .,andr 0 cp = r 



15 



Equation (20) results upon substitution: 

IT 5a) 2 " 9 <d ax (20) 

+ (^^/C f (C A -C f| | w .) = 0 
The initial condition « a clean bed. The boundary conditions in 



20 dimensionless form are 



ac I A_££fi 

—f L,.o= 0andC 4U=o- c ». + f L a o 



so 



= 0 (2D 
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An unsteady-state mass balance on the solid phase yields: 
f [4Kr 2 ( S NX 

(22) 

5 where liquid difiusion rate is assumed to be dominant and equilibrium is 

assumed in the pore, A term can be developed for the absorbed solid-phase flux by 
adding terms to the above development. Equation (23) results after applying the mean 
value theorem of integral calculus, dividing by A, and A/, taking limits as A/ and Az 
go to zero, making the substitutions in Equation (19), and assuming linear adsorpUon: 



10 



7; aq>' r,'q> 59 C,, 




(23) 



The exact form of Ri is unknown fo, this system. The Michae.is-Men«en 
«*« mode. (MMRM) is genera, and reflect a nonlinear relationship between 
degradation rate and substrate concenlrauon rate and subsnare concenrranon. Tms 
15 nonlinear relationship arises from the finite degree capach, of brologtcal 
systems A. .ow concentrations, the MMRM approaches a reaction rate whrch ,s firs, 
order in subsume concentration. As me degmdative capacity of me system . 
approached or exceeded, me MMRM becomes *ro order in concentratron. Thns a 
toge nnmber of conditions UW over me reacdon regime arc reqtmed to 
20 properly measure die two MMRM rate constants. The reaction rate form and 
cosrants were elucidated by first comparing the steady-sure behavior of me HK44 » 
the Itmtting cases of me MMRM. These limiting cases were represented 
mathematically as first order in salicytate and first order in biomass as: 
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-^Salicylate = Biomass^ ^Salicylate (24) 

and as zero order in concentration and first order in biomass as: 

'^Salicylate = ^iCsiomass (25) 

5 

Equations (24) and (25) each require a single rate constant instead of two as 
required by the Michaelis-Menten model. Practically, the linear rate models, 
Equations (24) and (25), provide a more stringent description of behavior than the 
two-parameter, nonlinear MMRM. 
10 Initial and boundary conditions assume a clean bed, symmetry within the bead, 

and no accumulation at the solid interface: 

dC D G „ D dC D 

C D (0,cp) = 0,— ^ = 0,and^ " °» ' 



&p r 0 K, ftp ] ~ (26) 

= ( C A ^ C o Pi |<p=i) 

Equations (20) and (23) indicate that the processes which affect the 
distribution and conversion of the substrate include: (1) dispersion and convective 

15 transport in the bulk phase; (2) bulk and internal solid-phase mass transfer resistance; 
(3) adsorption onto the alginate inside the bead pores; and (4) chemical conversion by 
bacteria only within the bead. A constant distribution of biomass is assumed with no 
growth. If growth occurs, then biomass distribution may become a function of bead 
radius (Kuhn et aL, 1991). The model was simplified for analyzing bed steady-state 

20 behavior by assuming negligible mass transfer resistance. This simplified model, 
when combined with the reaction rate Equation (24), has the solution (Danckwerts, 
1953): 
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C Salicylate _ 

7 " (27a) 
4Tiexp(Pe/2) _ 

where: 

Uis simplified model, when combined with the reaction rate Equation (26) 
has the solution: 

= 9 i xp^(0 1 l)]_ so _i_ +1 (29a) 

^-Salicylate pg Pe 

where: 

n U, C BtoraflB (2%) 

d= T"7 H 

K ^Salicylate |<t>=0 

Xhe unsKady-state behavior and the Ml mode, predictions cou,d to be 
^ for WW- of cririoa, assnmpDO*. Ma— problems for whtcb 
Zca- — were — « »ere — usin g * PDBCOL softwar 
^ (Madsen and SincDvcc, ,,79). AvaUabie — -™J 

5 resulB were combed for dtBrsion, transport, and ration processes (Crank 975^ 
Odre, bave a,so used PDECOL for station of PBR presses (Cos* 

andRodrigues, 1985). 

5.3.2 Materials and Methods 
)0 A previous., deveioped PBR system with on-line tastnrmanratton (Webb 

' 1992 ,,b; Webb e, A .991) was osed .o measure bactertu, desradattve and 
WoUmdnescen, acuvity under conditions mimicking toe of the subsurface 

design is deuiled in FIG. 21. The PBR was temperature control an W 
wi* metai frits weided to .be irde, and ouUe. to r*in and distribute feed ,0 
25 immobiuzed cuitures. An addition* inter-cavity utsert aUowed me —n of 
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(. 0.2-tnm tnorganic and polyene) between the packed bed and ouUe, flit 

m flUered «. effluent fo, — * *• — 

U<1 „id clmomaography (WLC) and ft* produced a uniform resist . flow** 

5 in ^d^of..Mom,^^oed 1 e^couldbevane4^0. 8t o...O 
. HPLC pumps suppUed media . eaeh ceaeror from pressurized feed r~ 
A1 , M including * — the — disso.ved in ft. P^ 

^phftaiene -d M - *— «* " — 
. TP2 „ 15 4 column (Sap/A^ions Group, Hespena, CA) wr* a M ** 

,. mono— fluoeeacen. *— W «-* ^ 
Oration and emission wavelengms (or salicyiate detection ware 290 and 360 nm 
The reaeror was fttted * an on- lta e bgh, detector for 

activity (Dnnbar, 1092) consisting of a gined flber bundle (Ensign Brckford Ophcs, 
Simsbury, CO P-aced approve* 2.5 cm from ma entrance of ma maoroa M 
,5 Oriel inc. (Stratford, CD ™70 photommtipUer detection system nsmg a Mode! 77348 
phot omul,ip.ier tube (mdian. sensiriviry of 80 MAAV near 500 nm, ware emp.o,e* 

A second apparatus simulated flow passed through an aiginam btosensor. The 
appara tu S was composed of a flow col, and a Hamamatsu ph^lode (Bridgewa« 
Z wim an anaehed layer of HK44 in alginate. The flow eel, volume 

20 was 5 ml, whereas ma flow rate was maintained a. 1.5 mltmin. The con— of 
„ was vatieti whi,e me ligh. was monitored wim me photodK* Mmeta! 
-to m =dia - used for these experiments with varying 

Mineral sate media (pH 7.2) consisting of MgSO. 7H,0 (0.1 g/0, WW 
(02 * tiizma™ haae (3.03 g,.), MgO <1.0*10' rt'Ofl, (« • >° 

„3BO. (6.2 x ,«* * and (4.9 x W rf> were supplied ,0 me reactor 

1 an apprcpriate carbon soume for degradation and biotammeaconee shrdtes. 
Kinetic bacteria, studies were phosphare (united and maintained aerobtc b, con- 
trolled pressurization of feeds and the reactor. 

The HK44 was pzepared for immobilization by adding freshly thawed 

., w im-i nf YFPG media which contained 
inoculum (frozen at -70°C until use) to 100 mL of YbPU m 
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glucose (1.0 g/1), polypeptone (2.0 g/1), yeast extract (0.2 g/1), NH 4 N0 3 (0.2 g/1), and 
tetracycline (14 mg/1). The culture was shaken for 15 hours at 25°C and then 
centrifuged at 8000 rpm for 10 minutes. The pellet was then washed with 0.9% NaCl 
solution three times before immobilization. The concentration of HK44 was 
5 enumerated by measuring optical density at 546 nm. The HK44 was immobilized by 
suspending bacteria in 0.9% NaCl solution and mixing with a low-viscosity alginate 
(28 g/L) and NaCl (9 g/L) solution in a ratio of 1 :2 by volume. Beads were formed by 
controlled dropwise addition to 0.1 M CaCl 2 solution by a syringe needle installed in 
an air jet (Klein et aL 9 1983) controlled by a precision regulator (Porter Instrument 

10 Co., Hatfield, PA) and a piece of 0.003-in. (i.d.) tubing. Beads diameters were 
measured using gentle wet sieving. Alginate beads were dissolved in 50 mM sodium 
hexametaphosphate. 

Naphthalene and sodium salicylate adsorption isotherms on calcium alginate 
were measured using batch equilibrium and breakthrough curve methods (Ruthyen, 

15 1984). Residence time distributions for dispersion and liquid-phase mass transfer 
measurements were evaluated using salicylate (0.1 M), potassium, and/or bromide 
(1.0 M) introduced through a six-port HPLC valve up-stream of the reactor. Tracer 
concentrations were measured using a Waters ion-chromatography system with a 
series 510 HPLC pump, IC-PAK anion exchange column, and 431 conductance 

20 detector (Waters, Cam-bridge, MA) or monitored continuously using fluorescence. 

5.3.3. Abiotic Properties 

Typically, almost all of the bead diameters ranged between 3.9 x 10" 2 and 
7.5 x 10" 2 cm. For example, 4, 65, and 31 wt % were retained on 7.5 x 10" 2 , 4.5 x 10" 

25 , and 3.9 x 10" cm screens, respectively. Salicylate did not measurably absorb onto 
the alginate, whereas the naphthalene isotherm was linear with a dimensionless ratio 
of 8.4 (FIG. 22). Final equilibrium liquid-phase concentration ranged from 0.0 to 
1.5 x 10" 4 M, whereas solid concentrations ranged to 1.1 x 10' 3 moles of naphthalene 
per liter of alginate. Dispersion was measured by linearizing the analytical 

30 relationships derived by Haynes and Sarma (1973), as suggested by Ruthven (1984). 
Slopes ranged between 1 x 10' 2 and 2 x 10" 2 m 2 /min, indicating that dispersion was on 
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*. order of I0' ! cmW Comparison of reactor volumes and average residence 
Unres demonsUuted that channeling was no, signified As mentioned . oute. 
studies (Webb, 1992a*), hydrophobic fites effecTed a unifomr resisranc ,o flow 
over the reaaor oufle, and grcafly improved flow characteristic, Blot numbers 
5 ntnged around .00 and indicote that mass Kmsfer was no. signify. (Merchant e, al, 
1987) 

' Atginat. appears to be a good immobi.izauon madia for naphthalene and 
saKcylate mpofter bacteria due «o its favorable transport and adso^ion properties. 
Also alginate may be fotmed into shapes useful for sensor applications (e.g, as . thttr 

,„ ^ attached direcfly to a ugh. probe) (HoiUer .994). Salicyfare and 

oaphtbalene are good test compounds because naphthalene is an abundant 
environment pollutant and gencmUy found wiflt outer PAH contaminants, whereas 
^cylarcisamembolimofnaphutaleneandaeveralouterPAH. Care should bet** 
in choosing an immobilization matrix for detecting outer PAH, because larger PAH 

15 nray significantly deviate from Orese model compounds in their solubthry and 
absorption characteristics. 

534 Kinetic Evaluation of P* fluoresceins HK44 

Different combinations of feed concentrations, biomass, and flow rates, listed 
20 in columns 2 ,0 4 of Table 8, were varied in ,8 studies lo determine *. fonn of the 
degtadation r*c equation and assayed constants. Five charges of immobtltaed cefis 
ased for Ihese studies am indicto by a number designation in column I Lrqutd- 
pbase maas nansfer was estimated using Ore correlation of Kataolta e, 1 (.973). 
Steady-state behavior was achieved within Severn, bed volumes after a pertu.bat.on, 
25 consign, with prions by Equations (20) and (23) using meaaumd parameters. 
Bacterial degradative acfivity waa then cc.ns.an,, although a amall amount of dnft was 
ttoficed in some studies (indicaKd by higher s^dari deviation* Ranges or 
biomass, salicylam concentration, and residue time were 1.9 x ,0 to 3.5* 10 
cells/ml, 2.25 «, 4.5 mg/l, and 14 to .50 min, respectively. Salicylate was supphed to 
30 the reactor a. or below 4.5 mg/1. Smicniomettic .avals of dissolved oxygen mtgh. 
prove toxic to HK44 a. high salicylate concentmtion. Concemrations above tins range 
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15 



would probably not be realistic as very few PAH are soluble at greater than 1-mg/l 
(i ,al 1979) Salicylate conversion, listed in column 5, ranged 
concentrations (Lee et al, 1979). Salicy ^ 
from 9% to 92%, with standard deviations ranging from 1.08/o to 2.90 

.rations Standard deviations and average converse m 
to the effluent concentrations, btanaaru u 

^SwereoaWatcdusinganav^eonOOdaupoin^oreach^e. 

Fi ve independen, studies were repeated and den.onsna.ed rep^uc, le 

3 C and 3fhad respective conversions of 0.77 and 0.70. 

Et.uadon (27), using *e depadadve rate cnaan, as dte sole 
_ J, provided a g ood desorrpdon of tna - - depte^n 

^23 ^ FIG. 74, tne raacdon ra« decreased with *— . 

/i\ no'i x 0 dm £ mm nucu w r 
and subsets were: (1) 2.23 * iu am g Mx 10 -2 

u a i m ? 85 x 10' 2 fitted to subset 2a-c; (4) 2.06 x iu 
i 88 x 10' 2 fitted to subset la-c; (3) 2.85 x iu micu 

« . — « - » 2.2S,.0< « to aubae, « - 
, demonstrate g ood agreement — - « - - ^^sT 

DiOnnda (1991) fonnd drat naphthalene degradadonby HK44 could 
rata tern, which was find order in naphthaiene and firs, order in htomass. 

nation (78, was less appropria* for descdbing .he Mnehcs of HK44 daan 

11 (27). Also, uaa fin— reladonships suggested h, Eq. (2S2> were no 
n W L da.. The rate ohulned using B, (2S, ranged over almos. 

Wf an order of magnitude, 4.33 x 10 s .0 1.35 « 10 J mm . 
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5.3.5 BlOLUMINESCENCE 

Control studies were conducted to determine the effect of glucose, and mineral 
salts media (no carbon) on the light emission of HK44. Measured effluent oxygen 
levels were always in large excess (> 10 ppm). Significant growth of HK44 was 
5 improbable as phosphate was not supplied to the reactor. Glucose is not an inducer 
for the lux pathway. Bioluminescent activity was constant and minimal using only 
mineral salts media. In further studies, glucose in mineral salts media was supplied to 
HK44 at 5 mg/L at a flow rate of 1.0 mL/min. When exposed to glucose, light 
emission was orders of magnitude less than the salicylate response but rose slowly for 

10 26 hours above baseline noise. Emission was then steady for 12 hours until glucose 
was removed from the feed. Glucose is an excellent carbon and energy source and 
could possibly increase pools of one or more of the light substrates. Schell (1990) 
found that low levels of nah mRNA were present in uninduced cells. The trizma™ 
base buffer in the mineral salts feed maintained the pH at 7.2, even for studies with 

1 5 long residence times. Thus, pH does not appear to be a factor in the light response. 
These data suggest that the slight increase in light emission resulted from increased 
pools of reaction substrates and the presence of low, constitutive levels of lux 
enzymes. 

During degradation studies, glucose solution was added to the reactor at a 
20 constant concentration throughout the study. Inducer was added 15 hours after 
starting the study. In almost all cases, light intensity mimicked the change in 
salicylate concentrations. As inducer increased, light intensity increased. Conversely, 
when inducer concentrations were decreased, light intensity decreased. The one 
exception to this behavior was observed only at the beginning of a study when a clean 
25 bed of HK44 was initially shocked by a step change in inducer concentration. Under 
this shock condition, light production initially increased orders of magnitude and 
reached a maximum approximately one residence time later (FIG. 25). Within four to 
six residence times, light intensity approached a steady state. In contrast, effluent 
concentrations became constant within two residence times. Thus, the unsteady-state 
30 light emission might result from an initial buildup of salicylate within the cell due to 
the rapid change in the salicylate bulk phase concentration and an imbalance between 
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transport through the cell membrane and degradation. Also, addition of the glucose 
for 15 hours prior to addition of the inducer may have increased the light substrate 
pools, resulting in an oversupply of lux cofactors. Thus, further research would be 
appropriate for investigating this transient phenomena. For example, cofactor 
concentrations might be directly measured as a function of supplied substrates. 

FIG. 26 depicts the average specific light response (light per unit biomass) as a 
function of predicted salicylate concentration at the light probe. The data in FIG. 26, 
obtained during degradation studies, are depicted as averages and standard deviations. 
During all studies, oxygen was maintained at a level that exceeded the stoichiometric 
demand. Oxygen effluent concentrations were always greater than several milligrams 
per liter. The light intensity depicted in FIG. 26 is reported as a function of the local 
inducer concentration at the light probe rather than the effluent concentration. The 
local salicylate concentrations were calculated using the model and parameters 
previously discussed. The purpose of FIG. 26 is to qualitatively compare the 
relationship between emission and inducer concentration. There was a positive 
relationship between light emission and inducer concentration. Best-fit lines had 
slopes of 1 .4, 2.3, and 1 .5 for studies 2a-c, 3c-e, and 4c-f, respectively. The present 
analysis must be treated qualitatively because light values were relative within a study 
as there was no reference light source for calibration between studies (e.g., variable 
alginate opacity). Thus, the true intercepts for the curves are unknown; however, the 
slopes were similar and indicate that light emission was a positive function of inducer 
concentration. 

Studies were conducted to investigate the response to naphthalene (a parent 
compound of salicylate). Salicylate was added to the PBR as a control at 16 hours 
(study 5a). The response to salicylate was the same as in previous studies. Light 
emission was allowed to become steady prior to naphthalene addition. 

The light response of alginate-immobilized HK44 was intense upon the 
addition of naphthalene at 45 hours. The steady-state response of HK44 to 
naphthalene was approximately two orders of magnitudes greater than the response to 
salicylate under identical conditions. These results were verified when studies were 
repeated. 
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In a second set of studies conducted independently of the degradation studies, 
light intensity was measured as a function of inducer concentration. The degradation 
studies were not well suited for measuring light response. In these studies, HK44 was 



5 time (3 minutes.) was maintained within the flow cells. Further, these studies differed 
from those of the degradation studies in that the cells were not shocked by a step 
change in inducer concentration. Rather, the salicylate concentration was gradually 
increased. FIGs. 27 and 28 depict the light response and inducer concentration. Light 
intensity mimicked the inducer concentration, although there was a lag. In the 

10 naphthalene study, a much longer lag was observed than in the salicylate study. The 
lag was probably caused, at least in part, by mass transport from the bulk solution to 
the immobilized cells and, in the case of naphthalene, by adsorption onto the alginate. 
The differences in lag times may also be the result of the different ways that 
naphthalene and salicylate are transported in to the cell and consumed. In this set of 

15 studies as well as previous studies (Heitzer et ah, 1994), unsteady-state behavior 
mimicked the inducer concentration. 

The HK44 demonstrated a strong response at part-per-million concentrations 
for both naphthalene and salicylate. PAH concentrations in soils are typically 
observed in parts per thousand. Optimal use of HK44 would be the detection of 

20 plume fronts where PAH and degradation product concentrations are much reduced. 
The HK44 was much more sensitive to naphthalene than to salicylate. Uptake 
mechanisms, energy levels of inducers, and effects of inducer on cell membrane 
liquidity possibly contribute to differences in the response to HK44 to these 
compounds. Naphthalene preferentially absorbs to lipids, which potentially affects 

25 membrane liquidity and may result in increased aldehyde substrates from lipid 
synthesis. Furthermore, naphthalene uptake is probably passive (Bateman et al> 
1986). Because salicylate is a charged ion, uptake may occur by active transport. 
Because naphthalene is a greater carbon and energy source than salicylate, 
naphthalene might increase lux substrates resulting in elevated light intensity. 



immobilized in a thin layer of alginate affixed to a photodiode. A very short residence 
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Nomenclature 

biomass concentration (g cells/dm 3 ) 
dimensionless concentration of component j in bulk phase 
dimensionless concentration of component i in the liquid phase inside the 
pores of the particle 

dimensionless adsorbed solid-phase concentration of component i 

bulk-feed concentration of component / (mol/dm 3 ) 

feed concentration of component i (mol/dm 3 ) 

pore concentration of component i (mol/dm 3 ) 

absorbed solid-phase concentration of component i (mol/dm 3 ) 

concentration (mol/dm 3 ) 

dispersion coefficient of component i (dm 2 /s) 

pore diffusivity of component j (dm 2 /s) 

rate constant (mol/s g cells) 

rate constant (dm 3 /s g cells) 

liquid-phase mass transfer coefficient (dm/s) 

bed length (dm) 

rate of mass transfer (mol/s dm 3 ) 

Peclet number with bed length as the characteristic length 

position in the particle (dm) 

particle radius (dm) 

reaction rate (mol/dm 3 s) 

salicylate reaction rate (mol/dm 3 s) 

surface area (dm 2 ) 

time (s) 

mean residence time in the bed (s) 
interstitial velocity (dm/s) 
position in the column (dm) 
dimensionless position in column 
dimensionless position in the particle 
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s bed void volume 

z p particle void volume 

i dimensiohless time 

S 5 dimensionless ratio of absorbed concentration in equilibrium with the 

maximum feed concentration of component i 

5.4 Example 4 — Deployment of Encapsulated Bioluminescent 

Bacteria in Nutrient-Depleted Environments 



P. fluorescein HK44 generate blue-green light when exposed to naphthalene 
5 or salicylate. The genes for bioluminescence are located in a plasmid that carries a 
transcriptional fusion between the promoter of a salicylate hydroxylase gene, nahG y of 
a naphthalene-degradation pathway and a promoterless luxCDABE gene cassette of 
Vibrio fisheri (King et al, 1990). The promoterless lux operon and activity are 
described elsewhere (Shaw et al, 1988). 

10 In earlier studies, the quantity of induced light produced by HK44 cells has 

been shown to be proportional to the amount of exposed naphthalene or salicylate 
(Heitzer et aL, 1992, 1994). In liquid assays, the cells have been shown to display a 
linear luminescence response with 0.72 |ig/l to 3.25 mg/1 naphthalene and 0.4 mg/1 
to 20 mg/1 salicylate (Heitzer et ai, 1992). The cells have also been shown useful in 

15 bioassays for the detection of naphthalene in environmental contaminants (Heitzer et 
aL, 1994). In the demonstration of an optical on-line biosensor with HK44, 
immobilized cells also proved applicable as they emitted a specific luminescence 
response when exposed to naphthalene in soil slurries, JP-4 jet fuel and leachate of 
manufactured gas plant soil (Heitzer et ai 9 1992, 1994). The information from these 

20 studies has suggested that bioluminescent technology might be used in the assessment 
of bioavailability and biodegradation of environmental pollutants that are significant 
when endpoints and regulatory standards are determined (Gibson and Sayler 1992; 
Heitzer and Sayler, 1993). 

Bioluminescence is an expensive metabolic function as it consumes molecular 

25 0 2 > and requires reduced flavin mononucleotide, and the synthesis of an aldehyde 
substrate (Hastings et al y 1985). The aldehyde must be regenerated through an ATP- 
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and NADPH-mediated cyclic reaction during extended emission of light (Ulitzur et 
ai, 1981). The physiological burdens raise basic questions regarding the intrinsic 
capacity of HK44 and similar genetically engineered strains such as Pseudomonas 
putida B2 (Applegate et al 9 1993) to produce stable and specific bioluminescence, 
5 upon induction in nutritionally challenged environments. 



5-4.1 Materials and Methods 
5.4.1.1 Bacterial Strains 

The bioluminescent bioreporter, Pseudomonas fluoresce™ HK44 (German 
10 collection of microorganism) was used in this study (King et al , 1990). HK44 carries 
the catabolic plasmid pUTK21 (nah + , sal", tet + ), which contains a nah-lux 
transcriptional fusion that allows monitoring of naphthalene and salicylate availability 
and degradation. The lux genes cassette, luxCDABE, is transfused to the nahG gene 
of the sal operon and inhibits the catabolism of salicylate via the plasmid-encoded 
15 pathway. The salicylate is, however, degraded by enzymes coded by chromosomal 
genes. 



5.4.1.2 Culture Conditions 

Strain HK44 was grown in 500-ml conical flasks containing 100 ml yeast 

20 extract/peptone/glucose (YEPG) growth medium with 14 mg/1 tetracycline. The 
composition of YEPG is described elsewhere (Heitzer et al y 1992). The culture was 
grown at 27°C on a shaker. 

The organism was grown to exponential phase in YEPG medium (A 546 0.8), 
immobilized in an alginate/SrCl 2 matrix and incubated in groundwater. Simulated 

25 groundwater was prepared in the laboratory, from a recipe provided by the in situ 
groundwater team at Oak Ridge National Laboratory, Oak Ridge, TN. This recipe 
was based on the composition of various groundwater samples analyzed by this team 
when studying groundwater contamination. Simulated groundwater contained 
(mg/liter distilled water) the following ingredients: CaCl 2 166, MgCl 2 • 6H 2 0 85, 

30 BaCl 2 * 2H 2 0 1.8, SrCl 2 - 6H 2 0 0.6, FeS0 4 ■ 7H 2 0 25, and KN0 3 17. Double- 
strength groundwater was prepared and diluted with the respective buffer solutions to 
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yield single-strength groundwater with pH levels 3, 4, 5, 6 and 7. The following 
stocks of buffer solutions were used in adjusting the groundwater to the desired pH. 
A solution of 0.2 M potassium hydrogen phthalate/0.2 M HC1 was used to adjust the 
groundwater to pH levels 3 and 4, a solution of 0.2 M potassium hydrogen 
5 phthalate/0.2 M HC1 for pH 7. The groundwater was thoroughly mixed, passed 
through Whatman filter-paper and sterilized by autoclaving. 

5.4.13 Incubation and Induction 



10 medium. The encapsulation was done as described elsewhere (Heitzer et aL, 1994). 
A 500-mg sample of alginate beads, encapsulating HK44, were dispensed into sterile 
25-ml vials (Pierce, 111.) containing 3 ml incubation medium, i.e., groundwater (for 
nutrient deficiency) and 0.1 x YEPG (for nutrient surplus). For every type of 
incubation medium, enough vials were prepared such that a set of triplicate vials could 

15 be sacrificed for induction and analysis. There were 6 induction days: 1, 7, 14, 21, 28 
and 35. All vials were incubated at 27°C. 

Induction of cells was initiated by adding 1 ml induction solution to the vials. 
Light output was measured every 30 minutes from time zero up to 5 hours. For the 
control, representing the uninduced light response, 1 ml distilled water and YEP 

20 solution were added to triplicate vials from each type of incubation medium. The 
light values, if any, were adjusted as the background light from the light obtained 
from the respective treatment. 

5.4.1.4 Inducer Solutions 

25 Simple (SS) and complex (CS) inducer solutions were used in this 

experiment. The former consisted of sodium salicylate dissolved in distilled water, 
the latter consisted of sodium salicylate in YEP solution. Both solutions provided a 
final concentration of approximately 100 mg/1 sodium salicylate. YEP in CS denotes 
yeast extract and polypeptone at 0.2 g/1 and 2 g/1 distilled water respectively. 



Encapsulated HK44 was incubated in groundwater and in 0.1 x YEPG 
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5.4.1.5 Light Measurements 

Bioluminescence was detected using a photomultiplier tube and measured in 
amperes, as previously described (Heitzer et aL, 1992). The light output is presented 
asnA/cfu. 



5.4.1.6 Population Counts 

The numbers of viable-cell-colony-forming units (cfu) of HK44 were 
determined for the encapsulated beads. Encapsulated HK44 were freed by dissolving 
the alginate matrix with 0.5 M sodium hexametaphosphate, serially diluted in 
10 phosphate-buffered saline and spread on YEPG/agar plates containing 14 mg/1 
tetracycline. The plates were incubated at 27°C for 36-60 hours and the bacterial 
colonies were counted. 

5.4.1.7 HPLC Analysis 

15 The concentration of salicylate was determined by high-performance liquid 

chromatography (HPLC) before and after the induction response. A 2-ml sample of 
supernatant was withdrawn from each vial of a set for each treatment type and filtered 
through 0.2-|im-pore-size Teflon membrane filters to remove cells and debris of 
alginate beads prior to HPLC analysis. The HPLC unit consisted of a LC 250 binary 

20 pump (Perkin-Elmer, Groton, CT) and a Supelcosil LC-18 column (Supelco, 
Bellefonte, PA.) and a LS-235 photodiode array detector (Perkin-Elmer). 
Chromatographic conditions were a continuous gradient from 0 to 60% aqueous 
acetonitrile between 0.5 minutes and 8 minutes and a second continuous gradient from 
60% to 100% acetonitrile between 9 minutes and 14 minutes. The program ended 

25 with column equilibration for 2.0 minutes with 100% water. HPLC-grade acetonitrile 
and water were used in the analysis. The UV absorbance for salicylate was 
determined by running a 20-^1 volume of the sample and detecting the peaks at 
wavelengths of 255 nm. The concentrations were calculated from a standard curve 
prepared with known quantities of the sodium salicylate dissolved in high-quality 

30 water. 
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5A.4 BlOLUMINESCENCE REACTION RATE 

Light production was monitored every 30 minutes and the reaction rate was 
calculated as nA min" 1 cfif 1 for all assay times within the 5-hours post-induction 
period. A set of normalized light levels are plotted in FIG. 32A and FIG. 32B for pH 
5 6, pH 7 groundwaters and 0.1 x YEPG. The light levels indicate a linear increase in 
luminescence over time in the presence of saturating concentrations of salicylate. 
However, the trend and magnitude of the rate increase differed, depending on the 
induction day and solution. For the two inducer solutions, the rate increase in pH 6 
groundwater, on all the induction days, was lower with SS than with CS. On day 1, 
10 the delayed response may be attributed to non-acclimatization of cells. In the case pH 
7 groundwater and 0.1 x YEPG, the response trend and magnitude were comparably 
s imil ar. 

The slopes from the regression fit for the light response are shown in Table 10 
for each of the induction events. With SS, except on day 1, the slope in pH 6 
15 groundwater was stable within the same order of magnitude. However, with CS the 
absolute value of the slope increased with increasing days of incubation. With SS, the 
slope values in pH 7 groundwater and 0.1 x YEPG fluctuated in magnitude. 
Regardless of the inducers, increased slope values were observed in groundwater at 
pH 6 and 7 during the later stages of the experiment. 

20 

Table 10 

Rate of Change of Bioluminescence Response* 





Time 




Incubation Medium 




Inducer 


(Days) 


pH6GW 


pH7GW 


0.1 x YEPG 


SS 


1 


1.48c" 9 (>0.99) 


1. 31c" 6 (0.96) 


5.78c" 8 (0.88) 




7 


3.94e" 7 (0.98) 


5.84e" 8 (0.93) 


1.24e" 7 (0.95) 




14 


8.78e" 7 (0.98) 


1.64c" 8 (0.90) 


4.58e' 9 (0.84) 




21 


3.2e' 7 (0.97) 


9e' 10 (0.93) 


1.56c" 8 (0.1) 




28 


5.56e" 7 (0.97) 


5.68e" 9 (0.90) 


1.91e' 7 (0.96) 




35 


l.Ole" 6 ^) 


1.87e" 7 (0.86) 


8.84c" 8 (0.70) 


CS 


1 


1.49c" 6 (0.96) 


5.38c" 6 (0.93) 


8.82c" 6 (0.01) 
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Table 10 - Continued 



PCT/US98/25295 



Time 




Incubation Medium 




inuuCci yiJayS) 


nil a r*wj 

pit O bW 


pH 7 ItW 


0.1 x YEPG 


7 


9.9e"' (0.96) 


2.48e" (0.98) 


1.75e" (0.80) 


14 


1.55c" 6 (0.95) 


3.44e" 7 (0.96) 


6.5 le 8 (0.88) 


21 


1.56c" 6 (0.91) 


7.74e" 8 (0.98) 


1.7e" 8 (0.37) 


28 


3.04c- 6 (0.95) 


1.87e" 7 (0.94) 


1.45e" 7 (0.05) 


35 


4.52e' 6 (0.92) 


6.98e" 7 (0.95) 


9.33c -8 (0.09) 



The values refer to the slope of a linear curve fit for the light response observed 
within the 5-hour post-induction period. The r2 of the linear fit is given in 
parenthesis. GW groundwater; YEPG yeast extract/peptone/glucose medium; 
inducer solutions; SS simple solution, CS complex solution. 



5A3 Discussion 

Observations made in this example supported evidence for a frequent response 
upon induction, measurable light emission and survival of the encapsulated P. 
10 fluorescens HK44 under nutrient-limiting conditions. In addition, the encapsulation 
process by itself proved sustainable for long-term biological activities. These features 
are critical in the design and application of a field biosensor using P. fluoresce™ 
HK44. 

Among the simulated environmental conditions tested in this study, the cells 
15 distinctly preferred pH 6 and 7 groundwater for efficient induction and survivability. 
This reflected the potential limitation in the direct application of HK44 since they 
failed to respond in groundwater with pH below 6, either because of inhibition of the 
bioluminescence reaction or of cell viability or both. Interestingly, in many naturally 
bioluminescent bacteria the optimal pH for luciferase activity is reportedly slightly 
20 acidic (Danilov and Ismailov, 1989). 

Concerns regarding the continuous effectiveness of the bacteria in a long-term 
biosensor application were cautiously addressed in this study. As observed, the 
bioluminescence reaction rate differed in magnitude and trend, in groundwater at pH 6 
and pH 7 over the 35-day period. If a "cut-off* performance period can be derived for 
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each of the groundwater samples, the performance efficacy of the bacteria can be set 
for a definitive time frame, allowing replacement of the old encapsulated cells with 
new at the end of the time frame and rendering the biosensor capable of continuous 
operation. For instance, in the present study, a conservative cut-off period of 28 and 
5 14 days might be set for pH 6 and 7 GW respectively on the basis of the response 
(Table 10, FIG. 29 A and FIG. 29B). 

Encapsulation proved supportive for this type of long-term application, as 
observed by others investigating the controlled introduction of bacterial into soil 
(Trevors et aL, 1993). However, there was no indication that it influenced substrate 
10 intake or the bioluminescence reaction on the basis of studies conducted with free 
cells. Other similar comparisons in Pseudomonas sp. also have revealed that 
immobilization has no generalized effect on the physiological activity (Shreve and 
Vogel, 1993). 



1 5 5,5 Example 5 - Immobilization and Encapsulation of Microbial 

Cells on ICs 

The deposition of microbial organisms on ICs may be accomplished through 
the various protocols described below. The ultimate goal of these encapsulation 
methods is to provide the cells with a stable microenvironment limited from the 

20 stresses of their outer environment. Encapsulated cells can be formed into sheets or 
beads, almost of any thickness or diameter desired, depending on the method chosen. 
The small area available for cell deposition on an IC requires thin sheets (0.1-2 mm) 
or small diameter beads (< 50 |im) to be produced. However, the high sensitivity of 
the IC allows for a smaller cell mass to be used. For the procedures below a cell 

25 culture containing about 1 x 10 6 to about 1 x 10 8 cfu/ml is typically grown and an 
about 1 to about 5 g wet weight of these cells may be utilized in the encapsulation 
protocol. 



• 
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5.5.1 Agar/Agarose 

Cells may be added to molten agar or agarose (of from about 1% to about 5%). 
Gelation occurs as the agar or agarose cools to room temperature (Kanasawud et aL, 
1989). 

5 

5.5.2 Carrageenan 

A 2% solution of carrageenan may be warmed to about 70°C to about 80°C to 
initiate dissolution and then maintained at a temperature of from about 25°C to about 
50°C. The cell culture also is warmed and added to the carrageenan solution. Gel 
10 formation occurs through the addition of cold 0.1 M potassium chloride (Cassidy et 
aU 1996). 



5.5.3 POLYACRYLAMIDE 

Cells are mixed in a solution of acrylamide (35 g) and BIS (2.4 g). 

15 Ammonium persulfate (40 nl of a 0.40 g/ml solution) and TEMED (100 jil) are then 
added to initiate polymerization. Within 20 minutes sheets of encapsulated cells of 
any desired thickness can be sliced. Cell droplets may also be added through a 
syringe to the acrylamide solution to produce beads of encapsulated cells (of from 
about 1 mm to about 3 mm in diameter). Small diameter microbeads (of from about 2 

20 |xm to about 50 ^m) may be produced by spraying the cell mixture through a 
nebulizer or vaporizer (Kanasawud et aL 9 1989; Stormo and Crawford, 1992). 

5.5.4 Alginate 

Cells are added to an about 1% to about 8% solution of alginate. Addition of 
25 0.5 M calcium chloride or 0.1 M strontium chloride initiates polymerization. Sheets, 
beads, or microbeads may be produced (Cassidy et al. y 1996). 



5.5.5 POLYURETHANE/POLYCARBOMYL SULFONATE (PCS) 

Polyurethane or PCS at a polymer content of 30-50% is mixed with a 1% 
30 calcium chloride solution. The pH is adjusted to approximately 6.5 and the cell mass 
is added. This mixture is sprayed into 0.75% calcium alginate and beads are formed. 



# 
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moisture reservoirs such as clay particles (Cassidy et al., 1996); and compounds to 
improve strength and flexibility, such as bean gum (Cassidy et al. y 1996). 

5.6 Example 6 - Toxicity Applications of Bioluminescence 

5 A number of assays have been developed that allow the measurement of 

toxicity of a given compound or compounds based on the effect of the compound or 
compounds on bioluminescent bacteria. Basically, toxicity is indicated by a decrease 
in the bioluminescent signal of the test bacteria. Commercially available assays 
include the Microtox and the Lumitox systems. These assay systems utilize bacteria 
10 that are naturally bioluminescent. Examples of applications of toxicity assays using 
bioluminescent bacteria are given in Table 11, including the type of organism used 
and the name of the assay, if commercially available. 

5.7 Example 7 - Bioluminescent Genotoxicity Assays 
Recently, a number of assays utilizing bioluminescent bacteria have been 

developed to determine whether a compound is a mutagen or whether a mutagenic 
compound has contacted the bacteria. The assays are based on the ability of a 
suspected mutagen to cause distinct changes in the bacterial DNA allowing 
bioluminescence or the response of cells to damaged DNA caused by the mutagen. 
Examples of applications of bioluminescent genotoxicity assays are given in Table 12, 
including the type of organism and bioluminescence genes used. 

5.8 Example 8 - Methods of Screening Antimicrobial Agents 
Organisms that are naturally bioluminescent or that have been engineered to 

be bioluminescent may be used to screen compounds for their ability to affect the 
viability of the organism. Basically, in these assays, bioluminescence will be 
inversely proportional to biocidal activity. Examples of applications of 
bioluminescent antimicrobial screening assays are given in Table 13, including the 
type of organism used and bioluminescence genes (if applicable). 
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5.9 Example 9 - Pollution Detection Using Bioluminescence 
Assays 

Common features of microbial metabolism include the ability to recognize a 
compound in the environment, turn on the expression of genes required to utilize the 
5 metabolite, and, subsequently, turn off these genes when the metabolite is no longer 
present, the classic example is the lac operon. The lac operon promoter is repressed 
in the presence of simple sugars or the absence of lactose. However, when simple 
sugars are not available and lactose is present, the lac operon is highly expressed. 
When the level of simple sugars is sufficient or the lactose is depleted, the lac operon 

10 again is repressed. 

Microorganisms have the ability to metabolize a wide variety of compounds. 
Some bacteria are able to metabolize compounds that are toxic to humans and are 
considered pollutants. Expression of the genes that enable pollutant metabolism is 
similar to that of the lac operon. Certain bacteria can recognize the presence of the 

15 pollutant in the environment, turn on the genes required for metabolism of the 
pollutant, and repress the genes when the pollutant is no longer present. By 
operatively linking a gene or genes that provide bioluminescence to a promoter of a 
pollutant metabolism gene or operon, one may detect the microorganism's response to 
the presence of the pollutant. Several examples of such a utility are given in Table 14, 

20 including the organism, lux genes, and the promoter to which the lux genes are 
operatively linked. 

5.10 Example 10 - Bioluminescent Oxygen Sensors 

The ability of Photobacterium to emit light in response to molecular oxygen 
25 has been used to monitor low dissolved oxygen concentrations (Lloyd et al., 1981). 
Other examples are given in Table 15. 



WO 99/27351 




PCT/US98/25295 



-131- 



C/5 

Q£ 
O 
H 

a 

M 

o 

z 

HH 

C/J 
C/) 

5 

Q 

Z 
^ 

Q 

z 

o 

Qu 

^ o 
S u 

O 
OS 

< 

z 
o 

H 

U 
fad 
H 
U 

a 

H 
Z 
< 
H 

-J 
O 
ft* 



u 
U 
z 

bd 

DS 



z 
c 

H 

< 

U 

J 
Ou 

< 



z 

bd 



2 

z 
< 
o 
a: 

O 

u 
H 



o 

ON 



00 
C 

2 



CD 

c 

CD 

"cd 



cd 
c 

■♦— » 

CO 



X 

S3 

to 

K 

o 
a 



2 

ON 



On 
On 



cd 

N 



o .S 

CO > 

C > 

<U 

CO 

O 



O 
53 



is x> 



^3 
CL 
cd 
C 

cd 
c 



CD 



cd 
o 



cd 



cd C 

C J> 

a & 

CO 

c 

s i 



cd 

c 



c 

cd 



CO 

CD 



0) 



CO ^3 is 

C O 

2 S 3 

g E CO 

t3 C cd 

5 S 5 

Q o cd 



On 
On 



< 



T3 

CD 
C 

o 



o 

E 

S 
a, 

O 



DQ 
I 



c 
o 

CD 

a 

cd 

CO 

C 

*?3 



a 

cd 

co .S 
n 
o 



cd 



(X 

o 

CO 

C 
cd 
c 
o 
cu 

s 

o 
o 

o 

CO 



X 

3 



CO 

CD 

o 

E 

2 
a, 

o 

» 



cd 

1 

Ut 

00 

<L> 

W 
U 

H 
o 

00 

c 



o 
E 

CD 

c 



VN 

vo 
Q 

s 

O 

CO 
<D 

g 
00 



o 
cd 

CD 
s_ 
O 
IB 
Q> 

E 



o 
> 



ON 
ON 



<4> 



T3 

o 

CO 

"o 

o, 
o 



I 

o 

C 



00 

a 



J3 
o 
cd 

c 



o 
o 

o 
c 

0) 

o 

CO 

CD 

c 



•S 4s E 



o 
c 

cd 

-C 

4> 
00 

c 

U CO 



cd 



cd o 
CO — 



c 

cd 

I 



C 

o 



o 



cd 



CD 

S o 



T3 



Q 

U 

D 
cu 



8 

t*3 



WO 99/27351 



* 



PCT/US98/25295 



-132- 



Q 

z 

H 
Z 
O 

u 



u 

CO 

< 



w 
u 
z 

(d 

Sd 
h. 
Ld 

G6 



z 
o 

P 

< 
U 

J 
fiu 



C/3 
Id 

z 

Ed 

w 



cd 
H 



ON 



O 



S-H 

2 

CO 

a 

c 
o 

CO 



I 

00 

c 
o 

1 

c 

1 



CD 
■♦— ► 

o 

a 

2 

o 
o 
XJ 

CO 

C3 
CD 
x: 



t*5 



c 
E 

CO 

w 



CD 

c 

cct 

-*-» 

2 
"o 



m 
On 
On 



5 

o 
c 

a 

cd 

CO 



•a 

o 



o 

C 

o 



cd 
> 
cd 



c 

1 

p 



o 
"5 
cd 



b is «* c 
~ o e 



*3 O 
C 

o 



s 

o 
K 
'S 

• 1— • 

£ 
a 



CD 
■*-» 
CD 

JS 



•3 E 



00 



co 
00 



i 



o 
IS 

% 

cd 

1 



c 

CD 



c 

or 
£ 

co 
CD 
5 



O 
on 

a 

co 
O 



«d VI CD 



CD 
O 

5 1 



2 



o 

4> 
O 

c 
o. 

J* 



CD 



CD 

CO 

D 

CD 

ST 



CO 

CO 



■5 

CO 
CO 

cd fcq 



CD 



CD 



Q 

u 

D 



o 

CD 

s 



c 

2 

CD 

cx 
o 



o 
E 
2 

Q. 



I s 



E 

<§ 

c 

o 

CD 

a, 
o 



I 

2 

I 



H co 

cS eg 



J 



o 

CD 



C3 

is 



t: cd 
o 

E 

o 



8 



CD 

s 

1 

o 



< 



PCTAJS9S/25295 
WO 99/27351 _i33_ 

Example 11 - Bioluminescence m Eukaryot.c Reporters 
5.H EXAMPLE 11 extensively as 

5 , 2 Example 12 - Measurement of a bioluminescent Signal by an 

JZL,™ HK44 generate * - ^ 

V The «nes for biolnminescenee are loeated m a ptemrd that 

are described elsewhere (Shaw et al. , 1 988). 
15 A aUde - a cnlrure of ft-*— J*--- HK « ™ 

" pla «n ter an OAS1C * reanntng ne.ce waa e^ to napntnalene and *e 
ontpnt voltage waa nteasored nver time (FIG. 2). 
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the cells. Thus, the bioreporter can be continuously monitored in real time. 
Genetically engineered bioluminescent bioreporters using both eukaryotic and 
prokaryotic bioluminescence enzymes have been developed for detecting toxins and 
pollutants in water and soil, and to assess the bioavailability and functional processes 
of pollutant biodegradation. 

Bioreporter bioluminescence has been detected by a number of different types 
of optical transducer, including photomultiplier tubes, photodiodes, microchannel 
plates, photographic films and charge-coupled devices. In many of these applications, 
light is collected and transferred to the transducer using lenses, fibre-optic cables or 
liquid light guides. However, applications requiring small volumes, remote detection 
or multiple parallel sensing require a new type of instrumentation that is small and 
portable, yet maintains a high degree of sensitivity. 

The bioluminescent-bioreporter IC (BBIC) biosensor described in the present 
invention represents a novel approach that eliminates the need for transfer devices and 
large-scale detection equipment couples the bioluminescent bioreporter directly to an 
IC designed specifically for the task of detecting, processing and reporting low levels 
of bioluminescence. The biosensor may be inexpensively engineered to provide 
information on environmental, medical, pharmaceutical and industrial samples. 

5,13,1 BBIC 

Whole-cell bioreporters engineered to bioluminesce in the presence of a 
particular substance are placed on an IC designed to detect light, process this signal 
and then report the results. In this situation, the bioreporters can be thought of as 
another component (analogous to a transistor, resistor or capacitor) available to the IC 
designer. The chief advantage of this approach is that the entire sensor, including all 
signal-processing and communication functions, can be produced as a single-chip, 
low-power, rugged, inexpensive device. Other transducers only detect the light and 
require other components to make a complete system, but the IC provides the 
analogue, digital and radio-frequency (RF) circuit capabilities required to make a 
complete stand-alone sensor. Additionally, as there are inexpensive, IC-fabrication 
facilities, BBICs can be individually crafted to fit particular applications. Thus, a 
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feature such as global-position sensing (GPS) could be included in a BBIC designed 
for a distributed sensing application. 

The successful development of a BBIC requires a bioreporter engineered to be 
sensitive to the targeted substance, an immobilization and/or encapsulation procedure 
5 for adhering the bioreporter to the IC, a bioresistant and biocompatible IC coating, 
and an IC designed to perform the desired functions. 

5.13.2 BlOLUMINESCENT BlOREPORTERS 



10 vents, subzero arctic seawaters, hypersaline solutions, water saturated with organic 
solvents, contaminated soils and industrial wastes. The ability of organisms to 
survive in such harsh environments is related to their capacity to sense and adjust to 
changing environmental conditions. Thus, for the successful development of a 
bioreporter strain, one must first select an organism that can readily persist in the 

15 environment under study. Secondly, the organism must have the proper gene- 
regulation systems or be capable of receiving such systems through genetic- 
engineering techniques. Third, the bioluminescent genes must be integrated into the 
organism's genetic system without adversely affecting essential cellular functions. 
Micro-organisms are excellent candidates because they are present in almost all types 

20 of environments, are fairly easy to manipulate genetically and have a diverse set of 
gene-regulation systems. 

Many species of insect, fish, squid, gelatinous sea animal, fungus, 
dinoflagellate, protozoan and bacterium have the ability to produce light. Although 
the molecular biology of bioluminescence has evolved along a number of different 

25 pathways, the most common bioluminescent system utilizes a luciferase enzyme to 
oxidize a substrate termed a luciferin. The reaction usually requires molecular 
oxygen. 

In prokaryotes, the genetic system, designated lux, consists of a luciferase 
composed of two different subunits, encoded by the genes luxA and luxB, that oxidize 
30 a long-chain fatty aldehyde to the corresponding fatty acid, resulting in blue-green 
light emission near 490 nm (Tu and Mager, 1995; Meighen, 1991; O'Kane and 



Microorganisms exist in such diverse environments as deep-sea hydrothermal 
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Prasher, 1992). The system also contains a multi-enzyme fatty-acid reductase 
consisting of three proteins (a reductase encoded by /uxC, a transferase encoded by 
luxD and a synthetase encoded by luxE), which initially converts and then recycles the 
fatty acid to the aldehyde substrate. The genes are contained on a single operon, 
5 denoted luxCDABE. This genetic configuration enables the complete /ux-gene 
cassette to be inserted as reporter genes downstream from different promoters to allow 
the utilization of bioluminescence to monitor gene expression. Bioreporters 
containing the luxAB genes alone have also been used to monitor gene expression 
(Chatterjee and Meighen, 1995; Hill and Stewart, 1994) but, as the multienzyme fatty- 

10 acid reductase is not present, an aldehyde substrate (typically w-decanal) has to be 
added exogenously to determine bioluminescence (i.e. enzyme activity). 

Eukaryotic luciferase genes have also been cloned and used in bacteria as 
reporter genes, primarily the firefly luciferase (/wc), which produces light near 560 
nm, and the click-beetle luciferase (lucOR), which produces light near 595 nm 

15 (Cebolla etoL, 1995; Hastings, 1996). A multiplexed system using both the click- 
beetle and the firefly system within a single cell has been proposed (Wood and 
Gruber, 1996): theoretically, one enzyme producing one color of light would be 
placed under the control of the promoter, with the other being unregulated or 
constitutively switched on and used as a control signal to correct for nonspecific 

20 physiological changes, fluctuations in the concentrations of bioluminescent cells and 
changes in environmental parameters. 

Implicit in the use of a bioreporter strain for a BBIC is the assumption that the 
bioluminescent signal generated is directly related to the concentration of the target 
substance, most desirably in a selective and quantitative manner. In general, the lux 

25 reporter genes are placed under the regulatory control of inducible operons maintained 
in native plasmids, broad-host-range plasmids or chromosomally integrated into the 
host strain. In these genetic systems, the target analyte or its degradation products act 
as the inducer of the bioluminescence genes and are responsible for selectivity and the 
resultant response. For example, Pseudomonas fluoresce™ HK44 is a bioreporter that 

30 produces light in the presence of naphthalene. This strain has two genetic operons 
positively regulated by NahR, a LysR-type protein. One of the operons contains the 
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lux bioluminescence genes and the other the genes responsible for the degradation of 
naphthalene to salicylate, the metabolic intermediate of naphthalene degradation. 
Both operons are induced when salicylate interacts with the regulatory protein NahR. 
Therefore, exposure of HK44 to either naphthalene or salicylate results in increased 
5 gene expression and increased bioluminescence. Studies in continuous cultures of P. 
fluoresce™ HK44 have demonstrated that the magnitude of the bioluminescence 
response correlated with the aqueous-phase concentration of naphthalene under 
pulsed-perturbation conditions (King etaL, 1990). A bioluminescent assay has been 
developed for the assessment of naphthalene (or salicylate, if present) bioavailability 
10 (Heitzer etaL, 1992). Using growing-cell cultures, a linear relationship to 
bioluminescence was found for both naphthalene and salicylate [correlation 
coefficient (r 2 ) of 0.990 for naphthalene and 0.991 for salicylate] over a concentration 
range of two orders of magnitude. Reproducible bioluminescence was observed not 
only in aqueous naphthalene samples but also in soil-slurry samples spiked with 
15 naphthalene, complex soil leachates and the water-soluble components of jet fuel 
(Heitzer et aL, 1994) P. fluoresceins HK44 can be applied in environmental use either 
for the quantitative analysis of contaminant presence or for bioavailability 
measurements. However, for such applications, both the chemical complexity of the 
environment and the physiological conditions of the organisms must be considered in 
20 interpreting the bioluminescence response. Many types of bioluminescent (lux) 
transcriptional gene fusions have been used to develop light-emitting-bioreporter 
bacterial strains to sense the presence, bioavailability and biodegradation of other 
pollutants including toluene (Applegate etaL, 1997) and isopropylbenzene 
(Selifonova and Eaton, 1996). Analogous genetic approaches have also been reported 
25 for inducible heavy-metal-detoxification and -resistance systems (including mercury 
(Selifonova etaL, 1993)), and response to heat-shock (Van Dyk etaL, 1994) and 
oxidative stresses. In addition, genetically engineered Gram-positive bioreporters 
have been used to examine the efficacy of antimicrobial agents (decreased light 
equates to greater efficacy) (Andrew and Roberts, 1993; Cooksey etaL, 1993). 
Eukaryotic bioreporters have also been generated to detect toxic compounds 
(Anderson etaL, 1995; Gupta and Goldwasser, 1996), oxygen (Filatov etaL, 1996), 
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ultraviolet light (Biberger and Angerer, 1996) and oestrogenic and antioestrogenic 
compounds (Pons etal, 1990). Environmental applications involving 
bioluminescence measurements have been reviewed (Steinberg and Poziomek, 1995). 

5 5.13.3 Biore porter Entrapment 

Various methods exist for the entrapment of microbial cells at or near the 
light-sensing portion of the IC. For instance, cells can simply be entrapped behind a 
porous membrane or encapsulated in natural or synthetic polymers (Cassidy etal., 
1996). Polymeric matrices can provide a hydrated environment containing the 

10 nutrients and cofactors needed for cellular activity and growth. In addition, 
encapsulated cells are protected from toxic substances in their environment and 
maintain increased plasmid stability (Cassidy et al, 1996). Cells can be encapsulated 
in thin films or small-diameter beads in order to be adaptable to the small surface area 
available on the IC. Thin films can be formed by mixing cells in a liquid polymer that 

15 is then micropipetted onto the IC in a thin layer and allowed to polymerize; larger 
blocks of cells can also be made, from which films of virtually any desired thickness 
can be sliced and attached to the IC. Microbeads are produced by spraying the liquid- 
polymer-cell mixture through a nebulizer into a polymerizing agent. The following 
encapsulation protocols show the usefulness of IC applications. 



(Kanasawude/a/., 1989). 

Carrageenan: a 2% solution of carrageenan is warmed to 70-80°C to 
initiate dissolution and then maintained at 35-50°C. The cell culture is 
also warmed and added to the carrageenan solution. Gel formation 
occurs through the addition of cold 0.1 M potassium chloride (Cassidy 
et a/., 1996). 

Alginate: cells are added to a 1-8% solution of alginate; addition of 
0.5 M calcium chloride or 0.1 M strontium chloride causes 
polymerization (Cassidy etal, 1996). The bioluminescent bioreporter 



Agar/agarose: cells can be added to molten agar or agarose (1-5%). 
Gelation occurs as the agar or agarose cools to room temperature 
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P. fluoresce HK44 has been immobilize, on ft. end of liquid light 
guides using this melhod (Hater «al., 1994). 
Po^mane-polycarbomyl sulfonate (PCS): polyurerhane o, PCS a. a 
conten. of 30-50% is mixed whh a 1% cdcium-cMonde 
sotation, to P H is adjusted ,n approximamly 6.5 and the cell mass .s 
added T)us mixta* is sprayed into 0.75% calcium alginate, rcsutang 
U, head formation. After one hour, me beads am removed, washed and 
inm duced inro a 2% sodium-uipolyphosphatc buffer, which dissolves 
ft. alginate layer leaving on!y a layer of polyuremane-PCS 
surrounding the ceUs (Kanasawud el A , 1 989). 
PCyacrylamidc: cans are mixed in a solution of aoylamide and 
M^Umide. Ammonium per.su.fatc and WUfX—W- 
emylenediamine (TEMED) are then added to initiate polymeria 
(Vorlope.a/.,1992). 

Pmyviny! alcuhol: me eel! suspension is mixed with a .3% poly™,! 
alcohol 0.02% sodium-alginate mixrure. Celation occurs on contact 
wid, a station of sa.uea.ed boric acid and 2% ca.cium chloride (Wu 

and Wisecarver, 1991). 
. Sol-gel: cells are combined with 0.1 M Tris-Cl and 
tetramethylorthosilicate, tetraethoxysilane, methyltnmethoxysilane, 
ethyltrimethoxysilane, propyltnmeth-oxysilane or po.ydimethyl- 
siloxane. Solidification times vary depending on the concentrate 
used (Rietti-Shati et al, 1996). 
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CMOS brings a great deal of flexibility and utility to BBICs. Although CMOS was 
first employed for digital electronics, high-quality analogue circuits are now routinely 
produced using CMOS processes. In addition, it has recently been demonstrated that 
CMOS has a great deal of potential for electro-optical detection (Simpson etaL, 
5 1997). Finally, small-geometry and silicon-on-insulator CMOS processes allow the 
integration of RF communication and position-sensing circuits on the same IC as 
analogue, digital and electro-optical detection circuits. In combination with the 
BBIC, this functionality represents a significant breakthrough in the development of 
true "laboratoty-instruments-on-a-chip" devices. 

10 In its most basic form, a BBIC measures the amount of light emitted by the 

bioreporter, digitizes this value and transmits the results to a data receiver. The 
minimum detectable signal is a function of the quantum efficiency (tj), the leakage 
current, the noise of the photodetector and the noise and filtering characteristics of the 
signal-conditioning circuit. Unlike photomultiplier tubes, silicon photodetectors 

15 cannot count single photons. However, as bioluminescence is typically a long-lived 
phenomenon, long integration times can be used to detect low light levels. In the 
limit, the minimum detectable signal (MDS), measured in photons, approaches the 
limit in the following equation: 



where q is the electronic charge, A ?D is the area of the photodiode, r inl is the 
integration time and I s is the photodiode saturation current, which is strongly process 
dependent. This equation only holds if the dark current of the photodiode is zero 
(ie. the bias on the photodiode is zero) and the noise of the subsequent signal- 
processing circuitry can be made negligible compared with the photodiode noise. 

As this equation shows, MDS is minimized by maximizing r\ and T m and 
minimizing I s and A ?D . However, T mt may be constrained by the amount of time 
available to make the measurement and a small A ?D leads to a poorer light-collection 
efficiency unless the bioreporters can be concentrated over a small area of the IC. 
However, / s does depend partially on the surface properties, and so the IC protective- 




(30) 
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coating deposition and annealing process may be optimized to minimize 4 Also, if a 
thin-film IC protective coating is chemically and biologically rugged enough, it could 
form an antireflective coating for the photodetector, helping to maximize r\. 

The full utility of CMOS is realized after the light is detected. CMOS 
5 analogue signal-conditioning circuits include voltage amplifiers, transimpedance 
amplifiers, charge-sensitive amplifiers and current-to-frequency converters, and the 
signal-processing choices include analogue filtering, digital filtering, neural-network 
processing and alarm discrimination. BBICs could be connected to a central data- 
collection center, or even to each other, through a wireless network. A host of 
auxiliary functions, including other environmental-sensing (e.g. temperature 
measurement), time stamping or position sensing can be implemented on the IC as 
required by the application. 



10 



5.13.5 Protective Coating 

15 Amorphous silicon dioxide (Si0 2 ) is commonly used as a dielectric for 

ICs. Unfortunately, Si0 2 is susceptible to attack by various chemical and biological 
materials, making it unsuitable as a protective coating in biosensor applications. 
However, amorphous silicon nitride (SiN) films are generally more resistant to 
impurity diffusion, and certain forms of SiN are more resistant to attack by chemical 

20 and biological materials. These features make SiN a promising material for BBIC 
applications. The optical properties of SiN are also attractive for photosensitive 
devices operating in the visible region: depending on the deposition conditions, the 
refractive index of amorphous SiN at 633 nm varies between 2.0 and 3.5, which 
makes it ideal as a single-layer antireflective coating for silicon photodetectors. Using 

25 hydrogenated SiN films as the antireflection coating for Si photodetectors has the 
further advantage that annealing the films releases some hydrogen, which then 
diffuses to the interface to tie up 'dangling' bonds at the silicon surface (Kishore et al , 
1992), thereby improving the response of the photodetectors to blue light. 

Most SiN is made using plasma-enhanced chemical-vapour deposition 

30 (PE-CVD), in which an RF energy source is used to ionize one or more of the source 
gases before film growth. This growth technique requires relatively low substrate 
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conventional electrometer circuits, this BBIC front-end signal-conditioning circuit 
provided lower noise (no resistor in the feedback path), a faster recovery from 
overloads (no high time constants) and a larger dynamic range. The entire OASIC 
measured 2.2 x 2.2 mm and was lubricated in a standard 1.2-^m w-well CMOS IC 
5 process. 

When no luminescence was produced by the cells, multiple measurements 
were taken with an integration time of 1 min. The leakage current produced a signal 
of approximately six counts per minute (cpm) [with a standard deviation (a) of 0.22 
cpm]; as expected, the standard deviation decreased with the square root of the 
10 integration time. Longer integration times were produced off line by summing 1-min 
measurements. 

Bioluminescence was induced in the BBIC cells and a control sample by exposure to 
toluene vapour. From the control-sample measurements, the inventors estimate that 
the toluene concentration was no more than 1 ppm [a signal of 12 cpm (6 cpm above 

15 background) was measured]. From previous measurements, P.putida TVA8 is 
known to have a linear response to toluene concentration until saturation, when the 
concentration reaches a level of approximately 10 ppm (Selifonova and Eaton, 1996). 
Assuming that a minimum detectable signal is 2a above background, then the 
minimum detectable concentration (MDQ of toluene for this BBIC [in parts per 

20 billion (ppb)] is given by the following equation: 

MDC 'im (31 > 

where 5 sat is the signal in cpm at a concentration of 10 ppm and T m is the integration 
time in minutes. The minimum detectable toluene concentration for this BBIC as a 
25 function of integration time is shown in FIG. 38. 
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All of the apparatus, compositions and methods disclosed and claimed 
herein can be made and executed without undue experimentation in light of the 
present disclosure. While the apparatus, compositions and methods of this invention 
have been described in terms of preferred embodiments, it will be apparent to those of 
5 skill in the art that variations may be applied to the composition, methods and in the 
steps or in the sequence of steps of the method described herein without departing 
from the concept, spirit and scope of the invention. More specifically, it will be 
apparent that certain agents which are both chemically and physiologically related 
may be substituted for the agents described herein while the same or similar results 
10 would be achieved. All such similar substitutes and modifications apparent to those 
skilled in the art are deemed to be within the spirit, scope and concept of the invention 
as defined by the appended claims. Accordingly, the exclusive rights sought to be 
patented are as described in the claims below. 



(|M P CT/US98/25295 
WO 99/27351 

-174- 
CLA1MS : 

1. An apparatus for detecting the concentration of a selected substance, 
comprising: 

5 (a) a substrate; 

(b) a bioreporter capable of metabolizing or recognizing a selected 
substance to emit light; 

10 (c) a selectively permeable container affixed to said substrate capable of 

holding said bioreporter; and, 

(d) an integrated circuit on said substrate, including a phototransducer 
operative to generate a signal in response to said light. 



15 



2. The apparatus of claim 1, wherein the signal of step (d) indicates the presence 
of said substance. 



20 

3. 



The apparatus of claim 1, further comprising a layer of bioresistant and 
biocompatible material between said substrate and said container. 



25 4. The apparatus of claim 2, wherein said bioresistant/biocompatible material 
comprises silicon nitride. 



5. The apparatus of claim 1, wherein said integrated circuit is a complementary 
metal oxide semiconductor (CMOS) integrated circuit. 
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6. The apparatus of claim 1, wherein said phototransducer comprises a 
photodiode. 

5 

7. The apparatus of claim 1, wherein said integrated circuit further comprises a 
current to frequency converter and a digital counter. 



10 8. The apparatus of claim 1 , wherein said integrated circuit further comprises a 
photodiode and a current to frequency converter. 



9. The apparatus of claim 1, wherein said integrated circuit further comprises a 
15 transmitter. 

10. The apparatus of claim 9, wherein said transmitter is wireless. 

20 

11. The apparatus of claim 9, further comprising a receiver capable of receiving 
transmissions from said transmitter. 

25 12. The apparatus of claim 1 1 , wherein transmissions comprise digital data. 

13. The apparatus of claim 1, further comprising a fluid and nutrient reservoir and 
a microfluidic pump on said substrate. 
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14. The apparatus of claim 1, wherein said bioreporter is selected from a group 
consisting of a genetically-engineered yeast, bacterium, fungal, animal and 
plant cell. 

5 

15. The apparatus of claim 1, wherein said selectively permeable container 
comprises a polymer matrix. 



10 16. The apparatus of claim 15, wherein said polymer matrix is capable of allowing 
gas or fluid to reach said bioreporter. 



17. The apparatus of claim 15, wherein said polymer matrix is optically clear. 

15 

18. The apparatus of claim 1, wherein said integrated circuit further comprises a 
global positioning system. 

20 

19. A monolithic bioelectronic device for detecting a substance, which comprises: 

(a) a bioreporter capable of metabolizing the substance and emitting light 
consequent to such metabolism; and 

25 

(b) a sensor capable of generating an electrical signal in response to the 
emitted light. 



30 20. 



The device of claim 19, wherein the bioreporter comprises a nucleic-; 
segment encoding a bioluminescent marker. 
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21. The device of claim 19, further comprising a transparent, bioresistant and 
biocompatible separator positioned between the bioreporter and the sensor. 



22. The device of claim 19, further comprising a polymer matrix encasing the 
bioreporter and enabling contact between the substance and the bioreporter. 



10 

23. The device of claim 22, wherein the polymer matrix is permeable to the 
substance. 



15 24. The device of claim 20, wherein the sequence of the nucleic acid segment. 

25. The device of claim 19, which further comprises a source of water and 
nutrients adapted to sustain the bioreporter. 

20 

26. An apparatus for detecting a substance which comprises: 

(a) an integrated circuit including a phototransducer adapted to produce a 
25 signal in response to light; 

(b) a bioreporter capable of metabolizing the substance and emitting light 
consequent to such metabolism, said reporter adapted to contact said 
substance; and 

30 
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(c) a transparent, biocompatible, and bioresistant separator positioned 
between the phototransducer and the bioreporter. 

5 27. The apparatus according to claim 26, wherein said bioreporter comprises a 
nucleic-acid sequence encoding a lux gene. 

28. The apparatus according to claim 26, which further comprises a plastic matrix 
10 encasing the bioreporter and enabling contact between the substance and the 

bioreporter. 

29. The apparatus according to claim 28, wherein the plastic matrix is permeable 
15 to the substance. 

30. The apparatus according to claim 29, wherein the substance comprises a fluid. 

20 

31. The apparatus according to claim 26, in which the bioreporter comprises 
bacteria. 

25 32. An apparatus for detecting the concentration of a substance, comprising: 

(a) a substrate; 

(b) Pseudomonas fluoresce™ HK44 capable of metabolizing a particular 
30 substance and to emit light in response to the metabolite; 
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(c) a selectively permeable container affixed to said substrate capable of 
holding said Pseudomonas fluorescens HK44, capable of allowing gas or fluid 
to reach said bioreporter, and capable of keeping ambient light from reaching 
said bioreporter; 

(d) a layer of semiconducting material between said substrate and said 
container; 



10 



(e) a fluid and nutrient reservoir and microfluidic pump on said substrate; 

(f) a complementary metal oxide on said substrate, including a photodiode 
operative to generate and a current in response to said light, a current to 
frequency converter, a digital counter, and a wireless transmitter; and, 



15 (g) a central data collection station capable of receiving transmissions 

from said transmitter. 



33. The apparatus according to claim 32, wherein the apparatus of step (0 is a 
20 complementary metal oxide integrated circuit. 



34. 



The apparatus according to claim 32, wherein the layer of semiconducting 
material in step (d) is silicon nitride or silicon oxide. 
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